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Algae-based technologies are fast growing and the growing demand for 
sustainable technologies is evident from the growing e ergy demand and global warming. 
Microalgae culturing for higher lipid contents have b en a hot topic of intense discussion 
in the past years. Crude glycerol, a byproduct from biodiesel production seems to be an 
attractive feedstock for microbial cultivation and crude glycerol has been proven as a 
good alternative feedstock for cultivation of Chlorella protothecoides. The effect of 
impurities present in the crude glycerol is important to develop a method for high-density 
cultivation of microalgae to increase the commercialization potential of algae systems. 
Through this study, a method to partially refine crude glycerol was developed to 
increase the suitability of biodiesel-derived glycerol for high-density cultivations. C. 
protothecoides grew best at an initial glycerol concentration of 90 g/L and a maximum 
biomass and lipid productivity of 4.45 and 2.28 g/L-day was achieved at an initial 
glycerol concentration of 120 g/L. Fed-batch studies increased the biomass and lipid 
concentrations and productivities. A maximum biomass nd lipid concentration of 95.3 
and 49.5 g/L-day was achieved while using PRG as a carbon source with a maximum 
productivity of 10.6 g/L-day. Yield biomass per subtrate in the fed batch mode was 
observed to be 0.53. Comparing the data to published literature, these are the best results. 
Fatty acid profiles were observed to be very comparable to data published by other 
researches on C.protothecoides.  
Further studies on the effect of salinity on the growth of C.protothecoides, yielded 
no statistical significance in the biomass concentration and lipid content at a KCl 
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concentration of 10 and 20 g/L, and a NaCl concentration of 10 g/L. Further increase in 
NaCl concentration to 20 g/L decreased the maximum bio ass concentration. No growth 
was observed at salt concentrations of 40 g/L. Increasing salt concentrations had no 
impact on the relative fatty acid percentage of oleic acid (most abundant fatty acid 
produced by Chlorella protothecoides). Biomass productivities were significantly lower 
in the presence of salts, indicating that the present of salts decreases the biomass 
productivity.  
Increasing methanol concentrations were evaluated, n  the results proved that 
methanol was not significantly consumed but evaporated by this species of algae. A 
methanol concentration 1 % (v/v) yielded similar biomass and lipid concentrations, Yx/s 
and Yp/s. The biomass productivity, however, was significantly lower with increase in 
methanol concentrations.  
Xylose proved to be detrimental to the growth of C. protothecoides as increasing 
xylose concentrations decreased biomass concentratio . No growth was observed at a 
xylose concentration of 30 g/L. 
In summary, the effect of some impurities present in crude glycerol was evaluated 
and a method to refine crude glycerol proved successful. A method for high-density 
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Since pre-industrial times, global temperature has increased by almost a degree 
(Matthews et al., 2014). The primary driving force behind this global temperature raise is 
the emission of green house gasses (Gillett et al., 2012). Human emissions of CO2 have 
accounted for about 82% of the U.S green-house gasses in 2012. Most CO2 emissions are 
contributed by transportation, electricity, industrial and commercial sectors. Un-
sustainable emission of CO2 is directly or indirectly related to the burning of f ssil fuels. 
Combined cycle technology has been established to reduce the CO2 emissions from 
power plants by 60%, this is only a more efficient use of energy but not carbon neutral 
(Gouw et al., 2014). Emissions of CO2 in an unbalanced way for centuries have led 
environmentalist to believe that the need to develop carbon negative technologies, since 
CO2 sequestration by non-natural processes is not a logical or a long term solution. A 2% 
increase in carbon dioxide was observed in year 2013 after a 15 % decrease from 2005 to 
2012 (Figure 1.1). 
 
Figure 1.1. Carbon dioxide emissions per year in the United States. Source- 
Obtained from U.S Energy information administration (EIA) 
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Global reliance on fossil fuel energy sources and environmental impact associated 
with the emissions and global climatic change has generated a great deal of importance 
towards justifying the use of renewable fuels in place of fossil fuels. Governments have 
initiated policies like renewable portfolio standars, tax credits, rebates, green power 
policies and low-interest loans for the development and implementation of renewable 
energy (Payne, 2012). Although the world energy demands are currently met by fossil 
fuels, renewable energy is the fastest growing energy source with a growth rate of 2.5 % 
per year (Apergis and Payne, 2014). An economic boost may be provided by renewable 
energy investments in areas facing economic difficulties (Stigka, Paravantis and 
Mihalakakou, 2014). Generation of electricity from coal has fallen 24.9% from an 
estimated 2.02 billion MWh in 2007 to 1.5 billion MWh in 2012. During the same time 
frame, solar energy usage grew to 4.3 million MWh, and wind energy to 140.8 million 
MWh. In addition to solar, wind, hydrothermal and geothermal energies, biofuels are also 
considered to be a renewable energy source (Capps, Hall and Hughes, 2014; Westbrook, 
2013).  
Biofuels are produced from or composed of biological m terials. Some of the 
advantages are that they are renewable, biodegradable and can be locally produced. 
Biodiesel, biomethane, biohydrogen, biooil, biomass, bioethanol are some examples of 
biofuels (Sarma et al., 2014; Beer et al., 2009; Posten and Schaub, 2009; Erdei et al., 
2012). Bioethanol and biodiesel are widely researched. In the US corn is widely used as a 
sugar source for corn ethanol production and oil seed crops like soybean are used for 
biodiesel production (McAloon et al., 2000; Moser, 2008). However, the usage of food 
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based agricultural or arable lands for biofuel production have been widely criticized and 
led to a food versus fuel debate (Avinash, Subramaniam and Murugesan, 2014).  
Feasibility of biofuels is dependent on process economics which includes the 
availability and cost of the feedstock for production of biobased fuels. Conversion of 
sugars through microbial cell culture to bioethanol and oils for biodiesel is an intense 
topic of discussion and research owing to the capability of cultivating them in reactors 
using non-arable land (Antoni, Zverlov and Schwarz, 2007). Biodiesel seems to be a 
better alternative to bioethanol for engine applications, since biodiesel can be used 
directly in current diesel engines with slight engine modifications (Agarwal, 2007). 
Biodiesel is a fatty acid methyl ester (FAME) formed as a product of the 
transesterification reaction of a triglyceride molecule with three molecules of methanol; 
glycerol is a by-product of this reaction (Figure 1.2).  
 
 
Figure 1.2. Transterification reaction to produce biodiesel 
 
 
A plethora of microorganisms has the capability to accumulate significant 
amounts of oils. Amongst the many microorganisms fungi and algae seem to have their 
advantages and disadvantages. Fungal oils seem to be an attractive option due to their 
faster growth rates, and high lipid productivities (Li, Du and Liu, 2008; Meng et al., 
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2009).  Autotrophic algae poses other advantages of harvesting the energy from the sun 
while carbon dioxide as a carbon source. Lower growth rates posses a disadvantage for 
autotrophic cultivation. Chemical reactions that convert carbon dioxide and other 
compounds to glucose are the light-independent reacions of photosynthesis, collective 
reactions of carbon fixation, reduction reactions ad ribulose 1,5 bisphosphate 
regeneration constitute the calvin cycle. Figure 1.3 shows the schematic of the 
photosynthesis process in the chloroplast.  
 
 
Figure 1.3. Schematic of the photosynthesis process in microalgae 
 
  
Compared to the photoautotrophic mode of cultivation of algae, the heterotrophic 
mode poses an advantage in terms of capability of producing high-density cultures at 
higher growth rates (Chen et al., 2013; Cheng, Ren and Ogden, 2013). Although, the 
main disadvantage of heterotrophic mode culturing is the use of an organic carbon 
source. Recently several waste materials are being evaluated as a suitable alternative for 
pure substrates (Li et al., 2013; Li et al., 2011; Wei et al., 2009; Yan et al., 2011). 
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Amongst the many algal species, Chlorella protothecoides eems to be widely researched 
for high density culturing owing to its higher oil accumulation capability of biodiesel 
feedstock quality (Chen and Walker, 2012; Cerón-García et al., 2013).  
Crude glycerol, a byproduct of biodiesel production, has been proven as a suitable 
alternative when compared to pure substrates like pur glucose and glycerol (O'Grady 
and Morgan, 2011; Chen and Walker, 2011). There still exists challenges for 
commercialization; one main challenge is the capability to produce high densities at 
faster productivities to reduce downstream processing costs. Also, other impurities in the 
crude glycerol may or may not have impact on productivity and fatty acid content. Main 
constituents of crude glycerol are glycerol, methanol, excess catalyst and some other 
impurities based on the source of triglyceride used. Based on this important challenge for 
higher productivities using cheap or waste streams s carbon substrates the following 
objectives were evaluated as a part of Chapter 2, 3 and 4 in this dissertation. 
 
OBJECTIVES: 
1) Literature review of microalgal biofuels and the factors affecting growth rates and 
productivities of Chlorella protothecoides 
2) Method to partially refine glycerol to improve its suitability for high-density 
cultivation 
3) Increasing glycerol concentrations in the batch mode and comparing the effect of 
partially refined glycerol (PRG) and pure glycerol (PG) on biomass and lipid 
productivities 
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4) Modeling of kinetic parameters to calculate the maxi um specific growth rate 
and half saturation constant 
5) Evaluating the fed-batch growth mode of culturing for higher biomass and lipid 
productivities while using partially refined glycerol as the carbon source 
6) Increasing concentrations of sodium and potassium chloride on the growth, 
biomass/ lipid productivities and fatty acid methyl ester content of C. 
protothecoides 
7) Increasing concentrations of methanol on the growth, biomass/ lipid productivities 
and fatty acid methyl ester content of C. protothecoides 
8) Testing the effect of xylose when in a mixture with crude glycerol on the biomass 













Agarwal, A.K., 2007. Biofuels (alcohols and biodiesel) applications as fuels for internal 
combustion engines, Progress in energy and combustion c ence. 33, 233-271.  
Antoni, D., Zverlov, V.V., Schwarz, W.H., 2007. Biofuels from microbes, Appl. 
Microbiol. Biotechnol. 77, 23-35.  
Apergis, N., Payne, J.E., 2014. Renewable Energy, Output, CO< sub> 2</sub> 
Emissions, and Fossil Fuel Prices in Central America: Evidence from a Nonlinear Panel 
Smooth Transition Vector Error Correction Model, Energy Econ.  
Avinash, A., Subramaniam, D., Murugesan, A., 2014. Bio-diesel—A global scenario, 
Renewable and Sustainable Energy Reviews. 29, 517-527.  
Beer, L.L., Boyd, E.S., Peters, J.W., Posewitz, M.C., 2009. Engineering algae for 
biohydrogen and biofuel production, Curr. Opin. Biotechnol. 20, 264-271.  
Capps, S.B., Hall, A., Hughes, M., 2014. Sensitivity of southern California wind energy 
to turbine characteristics, Wind Energy. 17, 141-159.  
Cerón-García, M.C., Macías-Sánchez, M.D., Sánchez-Mirón, A., García-Camacho, F., 
Molina-Grima, E., 2013. A process for biodiesel production involving the heterotrophic 
fermentation of Chlorella protothecoides with glycerol as the carbon source, Appl. 
Energy. 103, 341-349.  
 8
Chen, C., Chang, J., Chang, H., Chen, T., Wu, J., Lee W., 2013. Enhancing microalgal 
oil/lipid production from Chlorella sorokiniana CY1 using deep-sea water supplemented 
cultivation medium, Biochem. Eng. J. 77, 74-81.  
Chen, Y.H., Walker, T.H., 2011. Biomass and lipid production of heterotrophic 
microalgae Chlorella protothecoides by using biodiesel-derived crude glycerol, 
Biotechnol. Lett. 33, 1973-1983.  
Chen, Y.H., Walker, T.H., 2012. Fed-batch fermentation and supercritical fluid extraction 
of heterotrophic microalgal Chlorella protothecoides lipids, Bioresour. Technol. 114, 
512-517.  
Cheng, K.C., Ren, M., Ogden, K.L., 2013. Statistical optimization of culture media for 
growth and lipid production of Chlorella protothecoides UTEX 250, Bioresour. Technol. 
128, 44-48.  
Erdei, B., Franko, B., Galbe, M., Zacchi, G., 2012. Separate hydrolysis and co-
fermentation for improved xylose utilization in integrated ethanol production from wheat 
meal and wheat straw, Biotechnol. Biofuels. 5, 12-6834-5-12.  
Gillett, N., Arora, V., Flato, G., Scinocca, J., Salzen, K., 2012. Improved constraints on 
21st‐century warming derived using 160 years of temperature observations, Geophys. 
Res. Lett. 39,.  
 9
Gouw, J., Parrish, D., Frost, G., Trainer, M., 2014. Reduced Emissions of CO2, NOx and 
SO2 from US Power Plants Due to the Switch from Coal to Natural Gas with Combined 
Cycle Technology, Earth's Future.  
Li, P., Miao, X., Li, R., Zhong, J., 2011. In situ biodiesel production from fast-growing 
and high oil content Chlorella pyrenoidosa in rice straw hydrolysate, J. Biomed. 
Biotechnol. 2011, 141207.  
Li, Q., Du, W., Liu, D., 2008. Perspectives of microbial oils for biodiesel production, 
Appl. Microbiol. Biotechnol. 80, 749-756.  
Li, Y., Yuan, Z., Mu, J., Chen, D., Zeng, H., Feng, B., Fang, F., 2013. Potato Feedstock 
as an Organic Carbon Source for Efficient Biomass and Lipid Production by the 
Heterotrophic Microalga Chlorella protothecoides, Energy Fuels. 27, 3179-3185.  
Matthews, H.D., Graham, T.L., Keverian, S., Lamontag e, C., Seto, D., Smith, T.J., 
2014. National contributions to observed global warming, Environmental Research 
Letters. 9, 014010.  
McAloon, A., Taylor, F., Yee, W., Ibsen, K., Wooley, R., 2000. Determining the cost of 
producing ethanol from corn starch and lignocellulosic feedstocks, National Renewable 
Energy Laboratory Report.  
Meng, X., Yang, J., Xu, X., Zhang, L., Nie, Q., Xian, M., 2009. Biodiesel production 
from oleaginous microorganisms, Renewable Energy. 34, 1-5.  
 10
Moser, B.R., 2008. Influence of Blending Canola, Palm, Soybean, and Sunflower Oil 
Methyl Esters on Fuel Properties of Biodiesel†, Energy Fuels. 22, 4301-4306.  
O'Grady, J., Morgan, J.A., 2011. Heterotrophic growth and lipid production of Chlorella 
protothecoides on glycerol, Bioprocess Biosyst Eng. 34, 121-125.  
Payne, J., 2012. The causal dynamics between US renewable energy consumption, 
output, emissions, and oil prices, Energy Sources, Part B: Economics, Planning, and 
Policy. 7, 323-330.  
Posten, C., Schaub, G., 2009. Microalgae and terresrial biomass as source for fuels--a 
process view, J. Biotechnol. 142, 64-69.  
Sarma, S.J., Brar, S.K., Le Bihan, Y., Buelna, G., Soccol, C.R., 2014. Mitigation of the 
inhibitory effect of soap by magnesium salt treatment of crude glycerol–A novel 
approach for enhanced biohydrogen production from the biodiesel industry waste, 
Bioresour. Technol. 151, 49-53.  
Stigka, E.K., Paravantis, J.A., Mihalakakou, G.K., 2014. Social acceptance of renewable 
energy sources: A review of contingent valuation applications, Renewable and 
Sustainable Energy Reviews. 32, 100-106.  
Wei, A., Zhang, X., Wei, D., Chen, G., Wu, Q., Yang, S.T., 2009. Effects of cassava 
starch hydrolysate on cell growth and lipid accumulation of the heterotrophic microalgae 
Chlorella protothecoides, J. Ind. Microbiol. Biotechnol. 36, 1383-1389.  
 11
Westbrook, C.K., 2013. Biofuels combustion, Annu. Rev. Phys. Chem. 64, 201-219.  
Yan, D., Lu, Y., Chen, Y.F., Wu, Q., 2011. Waste molasses alone displaces glucose-
based medium for microalgal fermentation towards cost-saving biodiesel production, 





Microalgal Lipids: A review of factors affecting growth and lipid accumulation 
Authors, K.Gopalakrishnan, C.M. Drapcho, T.H. Walker* 
Environmental and earth sciences department, Biosystems Engineering, Clemson 




Biodiesel from algae oil is an attractive alternative fuel due to its nontoxic and 
biodegradable properties. Microalgae have the potential to yield high levels of internal 
cellular lipids of biodiesel feedstock quality in the heterotrophic mode. Growth rates and 
lipid yields are affected by factors such as the types and concentrations of nutrient 
sources, aeration rates, pH and temperature. These factors are very important for 
economically favorable production. An overview of the potential of microalgae to 
produce biofuels and the growth parameters is present d. 
Keywords: microalgae, biodiesel, biofuels, heterotrophy, Chlorella 
protothecoides, Lipids 
*Corresponding author. Tel.: +1 (864) 656-0351  





Among the many renewable energy sources, biofuels have tremendous potential. 
Biofuels can be defined as fuels that contain at least 80% by volume of materials 
obtained from living organisms harvested within 10 years of their manufacture. Some of 
the advantages of biofuels include their renewability, potential for local production 
(thereby reducing transportation costs), lower emissions of toxic gasses and 
biodegradable byproducts (Uhlenbrook 2007).  
Some of the advantages of microalgae for biofuel production include (1) their 
capability to grow throughout the year, exceeding oil yields when compared to other oil 
seed crops; (2) their potential for increased oil and biomass yields; (3) their tolerance for 
culturing on brackish water and lesser water requirements compared to other crops; (4) 
their ability to use CO2 as a carbon source; and (5) their capacity to use wastewater as a 
phosphorous and nitrogen source ( Dismukes et al. 2008; Brennan and Owende 2010). 
The production of many biofuels is currently being vestigated (Figure 2.1). The 
production of biodiesel from algal oil is the primary focus of this review; however, 
hydrogen, ethanol and methane production are also imp rtant (Sánchez Hernández and 
Travieso Córdoba 1993, Beer et al. 2009,Harun et al. 2010,Ghasemi et al. 2012).   
 Biodiesel is a product of transesterification of vegetable oils or animal fats and is 
chemically defined as the monoalkyl methyl esters of long chain fatty acids. Fatty acid 
methyl ester (FAME) is produced when methanol is used for transesterification, and fatty 
acid ethyl ester (FAEE) is produced when ethanol is used. Acid catalysts such as sulfuric 
 14
acid and hydrochloric acid, as well as base catalysts such as sodium hydroxide and 























Figure 2.1. Brief outlook of different energy sources from microalgae 
  
2.2. A background on microalgae 
Most eukaryotic algae are microalgae. Microalgae are small unicellular organisms 
capable of performing oxygenic photosynthesis (Khan et al. 2009, Mutanda et al. 2011). 
The capability of microalgae to photosynthesize is very similar to that of higher plants. 
Algae can be classified into two broad categories: microalgae and macroalgae. The 














taxonomic classifications of algae are listed in table 2.1. The classification of microalgae 
is based on the cell structure, life cycle and the typ  of pigments produced (Khan et al. 
2009). Phycologists do not agree on division-level classifications, and class-level 
classifications are more preferred (Encyclopedia Britannica Online). Considerable debate 
surrounds the classification of cyanobacteria as algae or bacteria (Chapman 2013). 
Cyanobacteria are classified as blue-green algae due to their ability to photosynthesize. 
However, cyanobacteria lack membrane-bound organelles and are prokaryotic cells. 
Many algae contain chloroplasts and mitochondria, which allows for growth through 
photosynthetic as well as chemotropic pathways. Organic molecules form 98% of the 
microalgal cell dry weight, with the remainder composed of inorganic molecules. 
Approximately 90% of these organic molecules are lipids, proteins and carbohydrates, 
and ATP, DNA and RNA constitute approximately 10% (Bumbak et al. 2011).  
Microalgae are microscopic algae that are found in fresh, brackish and marine 
waters. The cell sizes of Chlorella sp. range from 3-6 microns, depending on the culture 
conditions (Kim and Hur 2013).  Many microalgae are of conomic importance, and 
much current research focuses on microalgae because of th ir superiority in biofuel 
production.  
Carbon comprises approximately 50% of microalgal biomass and carbohydrates 
comprise approximately 17-28% of microalgal dry weight (Mirón et al. 2003). Most of 
these carbohydrates are complex, but some are simple sugars such as glucose and 
sucrose. The cell wall polysaccharides found in algae consist mainly of cellulose and 
hemicellulose (Baldan et al. 2001). The proteins found in microalgae consist mainly of 
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intrinsic membrane proteins, enzymes and cell wall proteins, together constituting from 
10-25% of the cell dry weight. This macronutrient distribution makes microalgae a good 
supplement source for animals and humans.  
Table 2.1. Taxonomic classification of algae 
Division Classes Examples 






















 Haptophyceae Chrysochromulina, 
Emiliania, Prymnesium 
Chloromonadophyceae Heterosigma, Vacuolaria, 
Olisthodiscus 




Cryptophyta Cryptophyceae Cryptomonas, Chilomonas 
Pyrrophyta Dinoflagellata Alexandrium, Dinophysis 
Euglenophyta Euglenophyceae Euglena, Colacium 




Cyanophyta Blue-green algae 
(Cyanobacteria) 
Anabeana, spirulina, 
 Aphanizomenon flos-aquae 
            Source- (Encyclopaedia Britannica Online) 
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The protein bodies found in microalgae known as pyrenoids contain high amounts 
of Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (Giordano et al. 2005). 
RuBisCO is the enzyme that catalyzes carbon dioxide fixation reactions (Nelson et al. 
2008). The pyrenoids are surrounded by embedded starch granules, and lipids accumulate 
within these starch granules.  
2.2.1 What are the nutrient requirements for microalgae? 
Microalgae can be cultivated under three different conditions. The 
photoautotrophic growth of algae requires sunlight, inorganic carbon (CO2) and 
micronutrients. Chemoheterotrophic growth requires an organic carbon source that is 
oxidized to CO2 through aerobic respiration, O2, other macro- and micronutrients and the 
absence of light.  Mixotrophy combines the best of both growth conditions because 
photoautotrophic is limited by the unavailability of 24-hour sunlight and heterotrophy is 
limited by the cost of substrate.  
In photoautotrophic cultures, a lack of light generally retards growth, while an 
excess of illumination can cause photoinhibition. Microalgae in the photoautotrophic 
mode assimilate carbon from the CO2 dissolved in water for growth (Van Den Hoek et al. 
1995). Microalgae use organic carbon sources such as glucose, fructose, sucrose and 
glycerol in the heterotrophic mode. Microalgae can also use organic acids and amino 
acids as carbon sources (MacIntyre and Cullen 2005).  
Apart from the three major elements required for life, the next most abundant 
nutrient is nitrogen. Nitrogen is accessible by microorganisms in four different ways: 
atmospheric nitrogen gas, ammonium ions, nitrate ions and organic nitrogen sources such 
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as yeast extract (Keller and Zengler 2004). Some algal species can use organic nitrogen 
sources, while others can use nitrate and ammonium. Few species of cyanobacteria can 
fix nitrogen from the atmosphere. Trichodesmium is a cyanobacterium that is believed to 
fix a large part of the nitrogen in marine systems (Bergman et al. 2012). 
The other nutrients required by microalgae for growth are magnesium, iron, 
phosphorous, calcium and sulfur. These nutrients mut be available in their dissolved 
forms, such as HPO4
2- for phosphorous. Marine algae also require a high concentration of 
sodium ions. The micronutrients required for microalgal growth are manganese, chlorine, 
bromine, molybdenum, copper and zinc. These micronut ients must be made available in 
either chelated or dissolved forms for algal growth (Keller and Zengler 2004). Vitamins 
such as B1, B2, B5, B7 and B12 are also essential for cellular functions in microalgae at 
trace amounts (Grobbelaar 2004). 
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            Source- ( Chojnacka Jan-Mar 2004, Kim et al. 2013) 
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Energy sources, possible carbon sources and major metabolic pathways in algal 
culture are recorded in table 2.2. As observed in table 2.2, the pH for photoautotrophic 
growth increases because of CO2 consumption. Due to the release of carbon dioxide in 
the chemoheterotrophic mode, the pH decreases.  
2.2.2 How do microalgae grow? 
2.2.2.1 Batch cultivation 
The growth pattern of microalgae is the same as thoe of most microorganisms. 
The batch growth curve follows four phases: lag, exponential, stationary and death. 
Although microalgae are faster-growing organisms, the duration of each phase is specific 
to each type of algae. The duration of the lag phase is dependent on a variety of factors 
(Richmond 2008). During the lag phase, the microalgal cells do not reproduce, and the 
population thus remains constant during the length of e lag phase. Factors causing an 
extended lag phase could include a lack of aseptic conditions and a very small inoculum 
size. Some microalgae species may also take some time to adapt to the cultivation 
medium. Therefore, the use of well-adapted, exponentially growing cells for 
experimentation is preferable. Once the slow-growing microalgal cells have adapted to 
the medium, they grow at a rapid phase. This phase is known as the exponential phase, 
and the products formed during this phase are designated as primary metabolites (Li et al. 
2008). At the end of the exponential phase, the station ry phase occurs, during which 
secondary metabolites are formed. This phase begins when the carbon and nitrogen 
substrates of the medium have been exhausted, leading to endogenous metabolism or the 
accumulation of metabolic products (Dawes and Ribbons 1962). Although the cells do 
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not grow during the stationary phase, the production of secondary metabolites or products 
that are not associated with growth occurs due to metabolic deregulation (Andersen 
2005). Towards the end of the stationary phase, when t re is nutrient depletion, cell lysis 
can occur. Lysis can also ensue due to toxin buildup. Figure 2.2 shows a typical batch 
growth curve for microorganisms. 
 
Figure 2.2. Typical batch growth curve of microorganisms 
2.2.2.2 Fed-batch cultivation 
Fed-batch operation involves the feeding of nutriens to the algae either 
intermittently or continuously. During the fed-batch mode, no effluent removal occurs; 
this represents the biggest difference between a continuous and a fed-batch operation 
(Shuler and Kargi 2002). Fed-batch culturing techniques are used to overcome substrate 
inhibition, as a favorable substrate concentration ca  be maintained using these methods.  
The intermittent addition of substrate increases th microbial biomass productivity 
compared with that of batch cultures (Shuler and Kargi 2002). Table 2.6 shows that the 
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biomass productivity of Chlorella protothecoides increased from 3.7 g/L-day to as high 
as 7.66 g/L-day under fed-batch cultivation.  
2.2.2.3 Continuous cultivation 
The main difference between the fed-batch and continuous cultivation modes are 
the continuous removal of effluent. In the fed-batch mode, the bioreactor is either 
completely or partially emptied when the reactor is full or the culturing is finished. In 
contrast, the continuous cultivation mode involves continuous influent and effluent flow. 
In general, cells contained in the effluent flow are harvested for processing. Continuous 
systems can achieve a steady state in which no changes i  concentration occur over time. 
A continuous reactor need not be shut down for cleaning as regularly as it would be under 
batch or fed-batch cultivation. The mass balance equations for the different modes of 
microorganism culture are shown in table 2.3. When a semicontinuous mode of operation 
was used for the culturing of C. protothecoides, productivity increased to 8.7 from 7.66 
g/L-day (cultured in the fed-batch mode using pure glycerol as the carbon source) 
(Cerón-García et al. 2013) 
Table 2.3. Biomass mass balance equation for the thre modes of microbial cultivation 









b- decay rate, h-1 






Vo= Initial volume,L 
Q – Volumetric flow 
rate, L/h 
t – time, h 
X I*Q/V – X*Q/V +µX – bX =dX/dt 
Q- Volumetric flow rate, L/h 
X I- Influent biomass concentration, 
g/L 
X- Biomass concentration, g/L 
V-  Reactor volume, L 
µ- Specific growth rate, h-1 





2.2.2.4 Growth Kinetics 
Microbial growth kinetics can be used to describe the relationship between 
concentration of substrate and the specific growth ra e. A widely applied model for 
microbial growth, the Monod model (equation 2.1), is developed for a single 
microorganism cultured in a medium with an organic carbon substrate such as glucose. 
One method to determine the maximum specific growth rate and half saturation constant 
values is by applying a linearization technique such as Hanes or Lineweaver-Burk 
equations, to the specific growth rate as a functio of substrate concentration. Ks, is the 
substrate concentration at which the growth rate, µ, is half of µmax. 
 
                                         Equation 2.1 
µmax-  maximum specific growth rate, h
-1 
S- soluble substrate concentration, g/L 
Ks-  half saturation constant, g/L 
 
Bouterfas et al. (2002), calculated the maximum specific growth rate for three 
species of algae namely Selenastrum minutum, Coelastrum microporumo and Cosmarium 
subprotumidum grown in the phototautotrophy mode and found them to increase with 
increasing temperatures. The three fresh water species were cultured under 15 h/9h 
(light/dark) photoperiod cycle using a 400 watt halogen lamp. Their study showed that 
these three species required high levels of irradiance approximately at 400µmol m-2s-1, on 
the contrary to some previous studies that indicate low or high levels of irradiance cannot 
sustain maximum growth rates. In general, the above authors note that chlorophyceae 
have higher adaptation capability to high light intensities when compared to 
cyanophyceae or diatoms. 
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Table 2.4. Maximum specific growth rate and specific growth rate values for some algal 
species, their growth modes and experimental variants 
Species Growth 
mode 
Parameters Temperature (OC) 
15 20 25 30 35 
Selenastrum 
minutum 1 
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   Lineweaver-burk plot Hanes-wolf plot 
Chlorella 
vulgaris3 
Heterotrophy µmax (day-1 ) 





• 1 - I opt-125 (µmol m-2s-1), 15/9 light/dark photoperiod – reference -(Bouterfas et al. 2002) 
• 2 -  Reference - (Leesing and Kookkhunthod 2011) 
• 3 – Reference- (Kong et al. 2013) 
 
Lessing and Kookhunthod (2011), modeled the growth kinetics of the 
heterotrophic growth of Chlorella sp., KKU-S2 and found that the specific growth rate µ 
day-1 increases with increase in yeast extract concentration.  Specific growth rate was 
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found to increase from 0.479  day-1  to 0.552  day-1 with increase in yeast extract 
concentration from 1 to 6 g/L as shown in table 2.4. The maximum specific growth rate 
was calculated to be as 0.435 (day-1 ) and the half saturation constant, Ks was 1.29 g/L. 
Specific growth rates were calculated from the data collected by varying the molasses 
concentration from 10 to 45 g/L  (Leesing and Kookkhunthod 2011). However, the 
maximum specific growth rate is much lower than most of the specific growth rate 
reported as tabulated in table 2.4. This may be because of the lack of fit of the Hanes plot 




Figure 2.3. Lineweaver-burk and Hanes- wolf plots of the data adopted from Kong et al. 
 
Kong et al. (2013), found the specific growth rate of chlorella vulgaris to be 
higher in the mixotrophic and heterotrophic mode than in the photoautotrophic mode. 
They found no significant difference in the specific growth rates in the mixotrophy and 
heterotrophy mode as found in table 2.4.  In the same study, Kong et al, found increasing 
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specific growth rates with increasing glucose concentrations from 1-20 g/L. Maximum 
specific growth rate, µmax (day-1 ) or half saturation constant were not calcul ted Ks 
(g/L), hence we calculated that using their data. The values for µmax and Ks have been 
reported in table1. The data fitted Hanes-Wolf plot better than the Lineweaver-Burk plot 
as seen from the R2 values in figure 2.3. 
2.3 Introduction to lipids 
Lipids are among the building blocks that drive the functions and provide the 
structures of living cells. The functionality of fats in the human body is not limited to 
energy storage; they also insulate vital organs and help transport fat-soluble vitamins in 
the blood. Lipids contain hydrocarbons and are defined by their general insolubility in 
water and solubility in organic solvents such as hexan , chloroform and diethyl ether. 
Although lipids are considered to be insoluble in water, some very short chain fatty acids 
(VSFAs) are soluble in water and insoluble in organic solvents. Examples of lipids 
include waxes, oils, hormones and some nonprotein mmbranes of the cell. Fatty acid 
metabolism yields 37 KJ/g of energy and is thus extremely beneficial to living organisms 
(Nelson et al. 2008). Lipids can be classified as fatty acids (saturated or unsaturated fatty 
acids), glycerides (glycerol-containing lipids such as triglycerides), nonglyceride lipids 
(sphingolipids, steroids and waxes) and complex lipids (lipoproteins) (Fahy et al. 2005).  
Fatty acids are carboxylic acids (or organic acids) with short or long aliphatic 
tails, which are either saturated or unsaturated. Naturally occurring fatty acids mainly 
contain an even number of carbon atoms because the cell synthesis of fatty acids involves 
the successive addition of two carbon acetate groups in a stepwise cyclic reaction. Fatty 
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acids are designated as saturated when no carbon-carbon double bonds exist in the 
molecule and unsaturated when carbon-carbon double bonds are present. A saturated 
fatty acid has a higher melting point than the unsaturated fatty acid of the corresponding 
size. Polyunsaturated fatty acids have more than one carbon-carbon double bond, while 
monounsaturated fatty acids have one carbon-carbon double bond. Triacylglycerols 
(TAGs) or triglycerides are made up of three fatty cid molecules attached to one 
glycerol molecule. Mono- and diglycerides are formed when one fatty acid molecule or 
two fatty acid molecules are attached to a glycerol, respectively.  
2.3.1 Microalgal lipids 
Microalgal lipids can be categorized into polar and nonpolar lipids (Bumbak et al. 
2011). Polar lipids such as glycolipids and sphingolipids are not suitable for biodiesel 
conversion (Fajardo et al. 2007). Nonsaponifiable lipids, which form a very small 
fraction of microalgal lipids, are also unsuitable for biodiesel conversion (Krohn et al. 
2011). Ceron-Garcia et al. (2013) reported that approximately 15% of the lipids produced 
by the microalga C. protothecoides are nonsaponifiable. Table 2.5 details several 
microalgal species and their maximum lipid contents; the Chlorella species present high 
oil contents.  
Lipid accumulation depends primarily on the available carbon/nitrogen ratio. 
Previous studies have shown that nitrogen depletion causes microalgal cells to 
accumulate lipids (Illman et al. 2000, Shi et al. 2000, Hortensteiner et al. 2000, Shi et al. 
2002, Shen et al. 2009, Converti et al. 2009,Shen et al. 2010, Heredia-Arroyo et al. 2010). 
The lipids accumulated in microalgae when subjected to stress conditions comprises 
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mainly of neutral lipids such as TAGs (Hu et al. 2008, Amaro et al. 2011). Storage lipids 
such as oils and fats are of the greatest importance for fuel applications. Microalgal lipids 
are mainly quantified by their conversion into fatty acid methyl esters. Xiong et al. 
(2008), reported the composition of the lipids extrac ed from Chlorella protothecoides to 
be 97.73 wt% triglycerides, 1.92 wt% diglycerides and 0.35 wt% monoglycerides.  
Monitoring the nitrogen and carbon source concentrations is particularly 
important because the ratio of these nutrients plays a major role in lipid accumulation. 
Factors such as temperature, pH and agitation also h ve minor effects on lipid 
accumulation, but are essential for the growth and survival of microalgae. Once cell 
cultures are exposed to decreasing nitrogen contents, a metabolic shift into oil production 
mode occurs. These conditions can be best achieved n the fed-batch mode because the 
C/N ratio can be varied at different intervals to maximize lipid productivity 
(Sivakaminathan 2012).  
Table 2.5. Different microalgal species and their maxi um lipid contents in heterotrophic 
mode 
Species Maximum lipid 
content (% dry 
weight basis) 
References 
C. vulgaris 58.1 (Talebi et al. 2013, Přibyl et al. 
2012) 
C. protothecoides 57.8 (Xiong et al. 2008) 
C. sorokiniana 57.7 (Chen et al. 2013) 
C. minutissima 45.4 (Bhatnagar et al. 2010) 
Parietochloris incise 62 (Li et al. 2008) 
C. pyrenoidosa 56.3 (Li et al. 2011) 
C. zofingiensis 52 (Liu et al. 2010) 




Su et al. (2011), demonstrated that when irradiance was increased from 100 to 
500 µmol photons m-2 s-1 and salinity from 0 to 35 g/L, the lipid content increased from 
35 to 44.5% in Nannochloropsis oculata. Lipid productivity (mass of lipids per volume 
per day) is a function of the algal cell concentration growth rate and the lipid content per 
cell. In general, reactors are optimized to maximize lipid productivity (Walker et al. 
1999). Lipids vary from 25-65% of the algal cell dry weight (CDW).  
2.3.2 Triglyceride biosynthesis in microalgae 
Microalgae produce fatty acids through the fatty acid synthesis cycle, which can 
be subdivided into two steps: the synthesis in the cytoplasm of acetyl coenzyme A 
(acetyl-coA), followed by the elongation and desatur tion of the carbon chains. In the 
photoautotrophic mode, glyceraldehyde 3-phopsphate (G3P) is synthesized through the 
Calvin cycle. Conversely, in the chemoheterotrophic mode, G3P is an intermediate in 
glycolysis. In further steps, G3Ps are further oxidize  into pyruvate, with an intermediary 
step producing 1,3-bisphosphoglycerate and 3-phosphoglycerate. Pyruvate is important to 
the production of acetyl-coA by the pyruvate dehydrogenase enzyme complex. Acetyl-
coA is the primer in fatty acid synthesis and forms the fatty acid enzyme complex in 
cooperation with malonyl-coA. The fatty acid enzyme complex is instrumental in 
producing and elongating fatty acids in a stepwise manner. The reaction routes for the 
production of palmitoleic acid, oleic acid, linolenic acid and linoleic acid in the synthesis 
of fatty acids in microalgae are similar to those for higher plants, fungi, bacteria and 
animals (Huang et al. 2010).  
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Triglyceride synthesis involves two important primers: 3-phosphoglycerate and 
acetyl-coA. The hydroxyl group in the phosphoglycerat  reacts with acetyl-coA to form 
lysophophatidic acid, as catalyzed by glycerol phosate acyltransferase. A second 
reaction with another acetyl-coA, catalyzed by the same enzyme, forms phosphatidic 
acid. Further hydrolysis with phosphatidate phosphatase forms diglycerides, which are 
then combined with another acetyl-coA to form triglycerides, as catalyzed by diglyceride 
acyltransferase (DGAT).  
In a study on the gene expression of the green alga Micractinium pusillum under 
nitrogen starvation, upregulation was observed in the genes and led to the production of 
pyruvate, acetyl-coA and malonyl-coA and to triglyceride synthesis. The enzyme 
strombine dehydrogenase, which is responsible for synthesis of pyruvate from alanine, 
was upregulated, while the enzyme 3-isopropylmalate dehydrogenase, which is 
responsible for the conversion of pyruvate to leucine, was downregulated. These results 
proved that TAG synthesis was enhanced in the N-starvation mode (Li et al. 2012). In 
this review, the parameters affecting lipid accumulation in microalgae and the suitability 
of the lipids of the microalga C. protothecoides for biodiesel conversion are further 
discussed. Further usage of the term “lipids” in the article refers to neutral lipids (mainly 
tri-, di- or monoglycerides) unless otherwise mentio ed. 
2.4. Factors affecting growth rate and lipid accumulation of microalgae 
2.4.1 Effects of various carbon substrates on the growth and lipid accumulation  
Glucose is commonly used as a carbon substrate for microalgal cultures. 
Recently, glycerol has become a very promising carbon source and is the primary by-
 30
product of biodiesel production. Glycerol is a 3-carbon sugar alcohol that is obtained 
when fatty acids are cleaved and transesterified, an  one mole of glycerol is produced for 
every mole of triglyceride that is transesterified (Fukuda et al. 2001). Microalgae have 
shown tremendous potential when using glycerol as a carbon substrate. Chen et al. have 
reported that the microalga C. protothecoides presents superior biomass and lipid yields 
when grown on 30 g/L crude glycerol than when grown n pure glycerol or glucose using 
4 g/L of yeast extract as the nitrogen source (Chen and Walker 2011). Lipid yields 
increased from 0.50 g lipids/g biomass when pure glycerol or glucose was used as the 
carbon source to 0.62 g lipids/g biomass when crude glycerol was used (Chen and 
Walker 2011). This capability of C. protothecoides is economically favorable because 
less downstream processing of glycerol is required in systems where it serves as the 
carbon source. encourage further research into the continuous mode. The effects of crude 
glycerol under the same method of cultivation are of particular interest (Cerón-García et 







Table 2.6. Effect of carbon substrate on the biomass and lipid content of Chlorella sp. 
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Cerón-García et al. (2013), reported a maximum biomass concentration of 64 g/L for C. 
protothecoides. Semi-continuous operation yielded a maximum biomass concentration of 43.3 g/L 
using pure glycerol. Although, this value was lower than that for the fed-batch mode, in which the 
maximum biomass concentration was 64 g/L (as observed in Table 2.6), the biomass productivity 
increased from 3.1 g/L-day to 8.7 g/L-day. Lipid productivity, in the same study increased from 
1.18 g/L-day to 4.3 g/L-day. This result should encourage more research in the semi-continuous 
mode. Other carbon substrates have also been testedfor growing this species of Chlorella. Wei et 
al. (2009), compared cassava starch hydrosylates to glucose in a study of the growth rates of C.
protothecoides, determining that the hydrosylates were a better carbon source. Culture conditions, 
maximum biomass concentrations and productivity data of several experiments are reported in 
table 2.6. Gao et al. (2010), used sweet sorghum juice to culture C. protothecoides; this study 
yielded an algal lipid content of 51%. Sweet sorghum is a C4 plant with high photosynthetic 
efficiency and a comparatively high biomass yield. Yan et al. (2011), reported a maximum algal 
biomass concentration of 97.1 g/L using waste molasses and no nitrogen source. The results from 
the same study without any micronutrients yielded a maximum biomass concentration of 70.9 g/L.  
Table 2.6 shows that minimally treated waste materils can be used as very effective 
nutrient sources for the heterotrophic culture of C. protothecoides. These results are very 
promising because they point to the efficient use of potential waste materials and cheap sources of 






2.4.2 Effect of different modes of cultivation (photoautotrophic versus heterotrophy versus 
mixotrophy) 
One of the main reasons why microalgae are important to the biofuel industry is their 
ability to photosynthesize, harvesting the sun’s energy to convert CO2 into lipids, proteins and 
carbohydrates.  Xu et al. (2006), conducted a comparative study differentiating the chemical 
components of C. protothecoides when grown in the photoautotrophic and heterotrophic modes. In 
the photoautotrophic mode, the algae were grown in a basal medium at 28°C and under 
illumination of 40 µmol m-2s-1, while in the heterotrophic mode; the basal medium was 
supplemented with 10 g/L glucose and 0.1 g/L glycine. I  the photoautotrophic mode, the lipid 
content was 14%, and the protein content was 53%; in the heterotrophic mode, the lipid content 
increased to 55%, and the protein content decreased to 10%. One of the major advantages of the 
photoautotrophic mode is that the flue gasses from manufacturing plants can be fed into reactors or 
raceway ponds. The cost of substrate is a major factor differentiating the industrial scale viability 
of the photoautotrophic and heterotrophic modes. One of the major disadvantages of the 
photoautotrophic mode is its requirement for adequate sunlight, which varies between locations. 
The relatively slower growth rate of microalgae in the photoautotrophic mode compared to that in 
the heterotrophic mode is another major factor. Illman et al. (2000), reported a biomass 
productivity of 0.002-0.02 g/L-d while culturing C.protothecoides in the autotrophic mode. 
Conversely, a biomass productivity of 4.4 g/L-d hasbeen achieved for the same species when 
grown in the heterotrophic mode (Cheng et al. 2009). The increase in biomass productivity in the 
heterotrophic mode is significant. Heterotrophy provides major advantages in terms of biomass 
and lipid productivity. Theoretically, the disadvant ges of both the photoautotrophic and 
heterotrophic modes are minimized when algae are grown in the mixotrophic mode.  
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Mixotrophic mode of culturing is garnering widespread support and is a topic of current 
research due to its combination of the heterotrophic and photoautotrophic modes. Mixotrophy 
refers to the nutrition mode in which photosynthesis i  a main energy source and the presence of 
organic carbon sources is essential for the growth f e microalgae. The carbon in this mode is 
available as both organic and inorganic carbon sources. This situation creates a dual-phase 
metabolism in which light energy is converted to chemical energy through photosynthesis and 
organic compounds are converted to energy via respiration. Due to the combination of 
photosynthesis and oxidative glucose metabolism, cell growth is expected to be higher under 
mixotrophy (Bockstahler and Coats 1993). Many species of phytoplankton in oligotrophic habitats 
(Jones 1994) and eutrophic estuaries have adopted the mixotrophic mode for their survival and 
growth (Nygaard and Tobiesen 1993; JEONG et al. 2004). In a study by Sforza et al., C.
protothecoides grown mixotrophically had a higher specific growth rate than when grown under 
autotrophy or heterotrophy. In the same study, CO2 was found to be inhibitory for heterotrophic 
growth because the algae grew significantly better under 0% CO2 V/V air than they did under 
0.03% CO2  V/V air during the dark cycle. During the light cycle, 5% CO2 V/V air was used 
(Sforza et al. 2012). Heredia-Arroyo et al. 2010, cultivated C. protothecoides in the heterotrophic 
and mixotrophic modes and reported no significant difference in cell biomass yields; however, a 
significant difference in overall lipid accumulation was observed. Heredia-Arroyo et al. 2010, 
cited other reasons, such as the CO2 supply and incapability of a strain of C. protothecoides to 
grow mixotrophically, for lesser biomass yields.  
2.4.3 Effects of different nitrogen sources on lipid accumulation  
Several nitrogen sources have been used in studies of the growth of this microalga, 
including yeast extract, ammonia, ammonium nitrate, peptone, urea, glycine and other forms of 
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nitrates. Nitrogen concentration, as characterized by the C/N ratio, plays a major role in lipid 
accumulation. Shen et al. 2009, reported that by decreasing the concentration of yeast extract from 
6 g/L to 2.4 g/L while using 40 g/L of glucose as the carbon source, lipid yields can be increased 
from 1.07 g/L to 4.27 g/L. This result clearly indicates that oil production is enhanced by nitrogen 
deprivation. At 4.2 g/L of yeast extract concentration, a lipid yield of 3.56 g/L has been reported, 
accompanied by a biomass dry weight increase from 12.2 g/L to 14.2 g/L. Shen et al. 2009, 
compared the effect of yeast extract as a nitrogen source with that of nitrates and concluded that 
nitrates yielded the highest lipid concentration (5.89 g/L), as observed in table 2.7. Yeast extract is 
a good source of nitrogen for heterotrophic growth due to its complex nature, and it provides 
amino acids, vitamins and other essential factors that promote algal growth (Perez-Garcia et al. 
2011,Shi et al. 2000,Illman et al. 2000).  
Numerous studies have found that C. protothecoides cells respond to nitrogen deprivation 
by accumulating high amounts of lipids, fat or starch within their cells. Nitrogen substrate 
limitation produces an advantageous change in the chemical composition of microalgae by 
encouraging a metabolic shift into lipid accumulation (Takagi et al. 2000). High amounts of yeast 
extract help algae achieve high biomass over the initial log phase, and lipid accumulation may then 
be slowly induced by limiting the nitrogen concentration in the medium (Xiong et al. 2008). This 
trend has been consistent in several other species of microalgae, including C. ellipsoidea SK, 
which accumulated 2.3% fat in a nitrogen-rich medium and 26.8% in a nitrogen-deprived medium, 
and C. pyrenoidosa 82, which accumulated 16.7% fat in cultures with high nitrogen concentrations 
and 47.1% in those with low nitrogen concentrations (Borowitzka and Borowitzka 1988). 
Microalgal growth on certain nitrogen sources, including ammonia and nitrates, have caused 
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tremendous pH fluctuations, leading to lower growth rates or death. Due to pH fluctuations, acids 
or bases must be added to maintain the pH for optimal growth conditions (Shi et al. 2000).  
 
Table 2.7. Effects of different nitrogen sources and their concentrations on the biomass and lipid 
yields of C. protothecoides 
Nitrogen source Nitrogen source 
concentration 
(g/L) 
Dry cell weight 
(g/L) 
Lipid yield (g/L) 
Potassium Nitrate 2.4 11.7 ± 0.5 5.89 ± 0.03 
Potassium Nitrate 4.2 11.2 ± 0.4 4.57 ± 0.02 
Potassium Nitrate 6 12.8 ± 1.2 4.46 ± 0.02 
Urea 1.8 11.8 ± 0.6 2.90 ± 0.01 
Urea 2.7 2.5 ± 0.4 0.60 ± 0.01 
Urea 3.6 6.9 ± 0.3 1.66 ± 0.01 
Yeast extract 2.4 12.2 ± 0.2 4.27 ± 0.02 
Yeast extract 4.2 14.2 ± 0.4 3.56 ± 0.02 
Yeast extract 6 8.3 ± 0.5 1.07 ± 0.01 
                                        References -  (Shen et al. 2010) 
1. Glucose was the carbon source at an initial concentration of 40 g/L. 
2. Temperature maintained at 28°C and shaker maintained at 250 rpm. 
3. Initial pH adjusted to 6.8. 
 
Shi et al. (2000), studied the effects of different nitrogen source concentrations on C. 
protothecoides cultured heterotrophically at a temperature of 28°C, an initial pH of 6.1 and 180 
rpm agitation. A decrease in the nitrogen concentrations of urea and nitrate from 1.7 g/L to 0.85 
g/L decreased the maximum biomass concentrations frm 18.8 g/L to 17.6 g/L and from 17.2 g/L 
to 16.5 g/L, respectively. No significant difference was reported when the nitrogen source 
concentrations were decreased from 1.7 g/L to 1.28 g/L. It is evident that a decrease in nitrogen 
source concentration decreases the biomass concentratio  but increases the lipid content. 
2.4.4 Effect of salinity 
Microalgal lipids are of great importance, and many parameters, including salinity, can 
affect the lipid profile and biochemical composition f the cellular lipids accumulated by 
microalgae (Borowitzka and Brown 1974, Borowitzka and Brown 1974). Botryoococcus braunii 
(LB 372) contained higher levels of lipids at low salt concentrations  when grown at 26°C and a 
light intensity of 1.2 kilolux under 16:8 h light dark cycles in an experimental setup in which 
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sodium chloride concentrations in Chu 13 medium were varied between 17 to 85 mM in the 
different treatments (Rao et al. 2007). The carotenoid content (%w/w) increased with salinity, with 
the maximum carotenoid content observed at a sodium chloride concentration of 85 mM.  Lipid 
content increased from 20 to 28% (w/w) with increasing salinity. Percentages (%w) of the fatty 
acids oleic acid and palmitic acid also increased with sodium chloride concentrations (Rao et al. 
2007).  These authors concluded that B. braunii adapted to low salt concentrations with increases 
in the biomass, carbohydrate, lipid and carotenoid c ntents.  
Nannochloropsis oculata, a marine microalga, is a promising producer of eicanopentaenoic 
acid (EPA, omega-3 fatty acid). Gu et al. (2012) conducted an experiment in which salt 
concentrations were kept at 15, 25, 35, 45 and 55% while N. oculata was cultivated under a 
continuous illumination of 160 µmol photons m-2s-1 at a temperature of 26°C and a pH of 7.7. The 
dry biomass concentration was highest when the salt concentration was at 35%. Lipid content was 
the highest, at 32% (w/w), at 25% salt concentration and the lowest, at 25% (w/w), at 15% salt 
concentration. The EPA content was also highest, at 25%, when the salt concentration was at 25% 
(Gu et al. 2012).  
Cho et al. (2007) reported a decrease in specific growth rate with an increase in salinity 
when Chlorella ellipsoidea (KMCC C-20 clone) was cultured at three different salinity levels, 10, 
20 and 30. The effects of the absence of salt could not be determined from this study because such 
a treatment was not incorporated into the experimental design. However, Cho et al. (2007) 
compared the effects of salinity on the specific growth rate, an important parameter overlooked by 
Heredia-Arroyo et al. (2010), who reported C. protothecoides to have high tolerance to increased 
salt concentrations. In the study by Heredia-Arroyo, no significant differences in maximum 
biomass concentration and lipid content were reportd when the sodium chloride concentrations 
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were 0, 17.5 and 35 g/L. Similar experiments conducted on Chlorella vulgaris indicated that the 
biomass content decreased from 5.9 to 1.34 g/L when t  sodium chloride concentrations were 
increased from 17.5 to 35 g/L (Heredia-Arroyo et al. 2011). Sea water has an average salt 
concentration of 35 g/L (Riley et al. 1975). Salinity is not just limited to sodium salts, and the 
effects of other salts such magnesium chloride and potassium chloride on the growth of C.
protothecoides are thus of interest. Sea water or brackish water may be suitable for the growth of 
this microalga. Sea water also contains a plethora of micronutrients, such as trace phosphorus, that 
aid in improving cellular functions. 
Some Chlorella sp. have been shown to exhibit good tolerance to salt concentrations, but 
the effects of salinity on growth rate and lipid profile cannot be overlooked, especially given the 
application of these algae in the biofuel and nutraceutical industries. Growth rates affect 
productivity, which is an important parameter for cmmercialization.  
2.4.5 Effect of temperature 
Temperature is an integral factor in microorganism growth. The optimal temperature for 
microorganism growth is the temperature at which cell m tabolism is maximized. Even when all 
nutritional requirements are fulfilled, microorganisms may grow slowly or not at all if the optimal 
temperature is not maintained. Some microbes can grow at temperatures as low as -10°C, while 
others can grow at temperatures as high as 100°C. Microbes are classified as psychrophiles, 
mesophiles and thermophiles based on the temperaturs at which they grow. As a general rule, the 
rate of growth doubles for every 10°C until the optimal growth temperature, and it then begins to 




Optimal growth temperature is species-specific in the genus Chlorella (Kessler 1985). In a 
previous study, when the culture temperatures were maintained at 24, 26, 28, 30, 35 and 40°C.   
C. protothecoides grew the best at 28°C, achieving its highest maximum biomass 
concentration of 17.4 g/L dry cells (Shi et al. 2006). The variation in growth rates between 24 to 
30°C was very minimal, but a decrease of approximately 40% was observed when the temperature 
increased to 35°C, and a subsequent increase to 40°C resulted in cell death. Conversely, the 
optimum temperature of C. sorokiniana was 40°C (Morita et al. 2000). Based on their optimum 
growth temperatures, Chlorella sp. can be classified into low- and high-temperature stains 
(Kessler 1985, Shi et al. 2006).   
Converti et al. 2009, studied the effects of the temp ratures 25, 30, 35 and 38°C on 
Chlorella vulgaris and found the specific growth rates (days-1) for each temperature to be 0.14 
(days-1) (at 25°C), 0.14 (days-1)  (at 30°C), 0.12 (days-1) (at 35°C) and 0.01 (days-1) (at 38°C). 
Although the growth was unaffected between 25-30°C and decreased slightly from 30-35°C, the 
lipid productivity (mglipidsL
-1day-1) decreased drastically, from 20.22 at 25°C to 8.16 at 30°C to 
8.22 at 35°C. This study indicates less sensitivity for biomass growth than for lipid yields in the 
temperature range of 25-35°C. 
2.4.6 Effect of pH  
Significant increases or decreases in microorganism productivity, as well as biomass 
yields, can be attributed to pH changes. According to the pH at which microorganisms grow, they 
may be classified as acidophiles, neutrophiles or alkaliphiles. C. protothecoides has a good 
resistance to pH fluctuations in the range of 5.0-8.0. Many studies culture C. protothecoides within 
the pH range of 6.0-6.8 in the heterotrophic mode. Shi et al. (2006), reported a maximum biomass 
concentration for C. protothecoides, in the range of 16.2 g/L to 15.8 g/L, when the microorganism 
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was cultured at an initial pH of 5.0-8.0 (Table 2.8). The optimal initial pH was 6.0 for batch 
cultivation and 6.6 when using a fermenter, in which the pH was continuously maintained and 
monitored. The maximum biomass concentration, achieved at a pH of 6.6, was 18.6 g/L.  
 
Table 2.8. Effects of initial pH for different carbon sources on the biomass concentration of C. 
protothecoides 







Glycerol / 20.4 6.3 3.46 ± 0.31 16.21 ± 1.67 
Glycerol / 20.4 6.5 3.38 ± 0.16 16.14 ± 0.40 
Glycerol / 20.4 6.7 3.59 ± 0.18 18.73 ± 1.69 
Glycerol / 20.4 6.9 3.88 ± 0.24 17.38 ± 1.87 
Glycerol / 20.4 7.1 3.97 ± 0.29 20.33 ± 5.13 
Glucose / 15 6.3 3.46  ± 0.14 17.74 ± 3.09 
Glucose / 15 6.5 3.88 ± 0.34 20.74 ± 0.52 
Glucose / 15 6.7 4.25 ± 1.43 13.02 ± 2.26 
Glucose / 15 6.9 2.24 ± 0.76 25.25 ± 0.07 
Glucose / 15 7.1 4.00 ± 1.33 15.73 ± 3.98 
                               Reference: (Heredia-Arroyo et al. 2010) 
1. Growth temperature of 26°C and shaker speed of 160 rpm 
2. Yeast extract as the nitrogen source at a concentration of 4 g/L 
3. Data collected after 103 hours 
 
2.5. Application of microalgal lipids 
2.5.1 Microalgal biodiesel 
According to the National Biodiesel Board, America’s first advanced biofuel was biodiesel. 
Biofuels are often defined as clean-burning, sustainable fuels that potentially reduce U.S 
dependence on imported nonrenewable fuel. Biodiesel s eco-friendly and creates green jobs. 
Several diverse sources of oil may be used as biodiesel feedstocks, including cooking oil, animal 
fats, microbial oils and agricultural oils, all of which meet the specifications of ASTM D6751 once 
the biodiesel is produced (National biodiesel board). The biodiesel industry has grown over the 
past decade and produced over one billion gallons in 2011, with the same level maintained in 2012 
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in the United States. The European Biodiesel Board h s reported a biodiesel production of 6.448 
billion gallons in 2012 (Europian biodiesel board).  
Biodiesel is one of the most-researched fuels derived from microalgae due to the capability 
of the microorganisms to accumulate lipids. As shown in table 2.9, the fatty acid composition of 
microalgal oil is very comparable with that of oilseed feedstocks such as soybean and sunflower. 
Algal oils have better cold flow properties than other biooils because they are high in 
polyunsaturated fatty acids (PUFA) (Demirbaş 2008).  
Table 2.9. Comparison of FAME profiles of different Chlorella species and several current 
biodiesel feed stocks 
  FAME composition of oil extracted from microalgae and several oilseeds 
(wt%) 






















C12:0 - - - - 0.04 - - - - 0.3 
C14:0 1.11 1.5 1.03 - 0.27 - - - - 1.1 
C14:1 - - - - - - - - - - 
C15:0 - - - - 0.11 - - - - - 
C16:0 11.67 9.0 20.51 32.56 22.95 18.4 10.7 4.5 4.6 41.9 
C16:1 0.16 - - 2.88 2.75 2.87 - - 0.2 0.2 
C16:2 - - - 3.04 4.80 1.93 - - - - 
C16:3 - - - 2.31 11.42 7.8 - - - - 
C17:0 0.35 1.4 - - 1.83 - - - - - 
C18:0 5.63 4.5 - 3.09 8.05 - 3.6 4.0 2.1 4.6 
C18:1 59.39 66.1 19.26 29.51 1.23 18.97 22.8 82.0 64.3 41.2 
C18:2 19.08 11.9 22.31 16.82 20.28 19.63 55.5 8.0 20.2 10.3 
C18:3 2.11 1.0 21.62 9.79 25.93 30.37 7.5 0.2 7.6 0.1 
C19:0 - - - - 0.02 - - - - - 
C20:0 0.51 - - - 0.16 - - 0.3 0.7 0.3 
C22:0 - - - - 0.03 - - 1.0 0.3 - 
C24:0 - - - - 0.13 - - - - - 








80.74 79 63.88 64.35 66.41 81.57 85.8 90.2 92.3 51.8 
References (Chen and 
Walker 2012) 
(Cerón-García 
et al. 2013) 
(Přibyl et 
al. 2012) 
(Shekh et al. 
2013) 
(Lu et al. 
2012) 










- not detected 
 
 
Fatty acids or fatty acid methyl esters (FAME) with high levels of unsaturation, i.e., more 
than four double bonds, are highly likely to become oxidized during storage. The oxidation of 
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triglycerides makes these fatty acids unsuitable for use as biodiesel. The composition of biodiesel 
from microalgae depends on the type of microalgae cultured and the mode of its growth, including 
its nutrient sources Xu et al. 2006, produced biodiesel from the extracted lipids of C. 
protothecoides and compared it with the ASTM standards for biodiesel and diesel fuel. The 
parameters tested, including viscosity, cold flow filter plugging point, flash point, acid value and 
density, were in accordance with the ASTM standards nd were comparable to diesel fuel.  
Li et al. (2007), successfully used the immobilized lipase enzyme to catalyze the 
transesterification of lipids extracted from C. protothecoides, achieving a 98 % conversion rate. 
Short-chain alcohols have a strong denaturing effect on the enzyme, and higher conversion rates 
are therefore only achieved using lower ratios of methanol to oil and adding methanol in a 
stepwise fashion.  
Table 2.9 compares the FAME profiles of several Chlorella species and currently used 
common biodiesel feedstocks. A number of Chlorella species have FAME profiles that are quite 
comparable to those of the common feed stocks now employed by the biodiesel industry.  
2.5.1.1 Cold flow properties of microalgal biodiesel 
The main differentiating factor between conventional diesel and biodiesel is its low-
temperature operability (Joshi et al. 2011). CFPP (Cold filter plugging point) is the temperature at 
which the fuel filter will clog due to fuel properties as the fuel begins to crystallize or gel-clog the 
fuel filter.  Operation is a problem, especially in the colder parts of the world. Table 2.10 shows 
the CFPP values of biodiesels derived from microalgae and oilseeds. The CFPP of C. 
protothecoides was -11°C lower than that of the biodiesels derived from oilseeds such as canola 
and soybean. Further research should focus on how to reduce these CFPP values compared with 
those of diesel fuel, at -27 °C. The effects of additives in lowering the CFPP of microalgal 
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biodiesel can be tested. Other properties, such as viscosity, flash point, acid value and heating 
value, are also important for the viability of microalgae biodiesel as fuel. 
 
Table 2.10. Comparison of the cold flow properties of microalgal biodiesel versus those of 
biodiesel from oilseeds and commercial diesel fuel 













Palm oil  Diesel 
Fuel 




et al. 2010) 
(Xu et al. 2006) (Francisco 















1Grown in the photoautotrophic mode, 2Grown in the chemoheterotrophic mode 
 
2.6. Conclusion 
This review has discussed the various factors affecting the growth rate of microalgae. 
Among the various carbon substrates, crude glycerol is a good alternative to glucose. C. 
protothecoides has also shown great promise in being able to grow using waste materials such as 
molasses and raw hydrolysates. The differences in the growth rates of C. protothecoides and C. 
vulgaris in the temperature range of 24°C to 30°C have been shown to be very minimal. The 
effects of salinity on some of the Chlorella sp. show that apart from the maximum biomass 
concentrations, growth rate and FAME profiles must be considered when choosing a particular 
species for commercial applications. Nitrogen source limitation has been proven to improve the 
lipid content. Mixotrophic culturing shows promise for future research in enhancing microalgal 
growth rate and lipid content.  
Microalgae show great promise in producing biodiesel-grade lipids comparable to those of 
the current biodiesel feedstock standards. Biodiesel from microalgal lipids is a good alternative to 
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diesel fuel. Microalgae-based biodiesel from C. protothecoides has superior cold flow properties 
compared with biodiesels from canola or soybean oil. Microalgal biodiesel has comparable 
properties to those of biodiesels from oilseeds, and microalgae are capable of producing more 
lipids per hectare of land than are canola, soybean or sunflower. 
As researchers examine various aspects of microalgal cultivation, harvesting, extraction 
processes and fuel conversion efficiency, microalgal biofuels are rapidly moving in a positive 
direction. Many companies are on the verge of commercializing algae biofuels. Apart from their 
role in fuel production, algae are useful to mankind in several ways. Different species are used in 
bioremediation and in human and animal food production. The capability of these species to 
photosynthesize and their relatively faster growth rates give them an edge over many organisms on 
earth.  
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Abstract 
The high-density culture of microalgae is important because of the large amount of lipids 
of biodiesel feedstock quality that can be produced. Microalgae have been proven to yield a higher 
amount of oil per hectare of land than oil seed crops. The growth of the biodiesel industry will 
increase the availability of crude glycerol, and an effective way to utilize crude glycerol for 
microbial oil production is being developed. In this study, we developed a method to refine 
biodiesel-derived crude glycerol and tested the growth of Chlorella protothecoides with glycerol 
substrate in batch and fed-batch modes. Maximum bioass and lipid concentrations of 50.1 g/L 
and 25.6 g/L were obtained in the batch mode, respectively. Culturing in fed-batch mode increased 
the biomass and lipid concentrations to 95.3 g/L and 49.45 g/L, respectively, with biomass 
productivity of 10.6 g/L-day.  
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The growing biodiesel industry generates glycerol-containing waste streams which can 
become a disposal issue (Li, Lesnik and Liu, 2013), the replacement of glucose with biodiesel-
derived glycerol as a carbon source for microalgal cultivation provides a potential mode of waste 
utilization. The microalgal cells grown on this source will accumulate lipids, the profile of which 
varies with the strain and growth conditions. However, glycerol distillation is an energy-intensive 
process because the boiling point of glycerol is 290ºC (Perry, Green and Maloney, 1984). Because 
some microorganisms can use glycerol in a crude form as a carbon source, the microbial 
conversion of crude glycerol to a value-added product(s) is currently a topic of intense discussion 
(Pott, Howe and Dennis, 2014; Sarma et al., 2014). The production of one gallon of biodiesel 
yields approximately 0.66 lb of crude glycerol, and crude glycerol is valued at 0.05$/lb. 
Furthermore, the cost of refining of glycerol is hig  because the boiling point of glycerol is 290 ºC 
(Thompson and He, 2006; Johnson and Taconi, 2007). The need to find a less expensive 
alternative for cultivating microalgae at a large scale accompanies the need to utilize crude 
glycerol with minimal treatment for cultivation and at higher densities.  
The worldwide use of fossil fuels and increasing emissions of CO2 brings the need to 
develop an alternative fuel that is not just sustainable but carbon neutral. Biodiesel is an attractive 
option, but the use of arable land to cultivate oil seed crops for fuel has been criticized. Microalgae 
have been proven to accumulate lipids of biodiesel feedstock quality. Under nitrogen deficiency in 
the heterotrophic growth condition, Chlorella species can increase their internal cellular lipid 
content (% wt) from 20–30% to almost 60–70% (Heredia-Arroyo, Wei and Hu, 2010; Shen et al., 
2010; Chen and Walker, 2011; Li, Fei and Deng, 2012). Chlorella protothecoides is a microalga 
that can grow in the photoautotrophic, heterotrophic, or mixotrophic mode (Borowitzka and 
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Borowitzka, 1988). Chlorella species are robust microorganisms that can grow under many 
conditions around the world and can serve as models of heterotrophic or mixotrophic modes when 
supplied with glucose, glycerol, acetate, or other organic compounds from waste resources to 
accumulate lipids for biodiesel production (Gao et al., 2010; Campenni' et al., 2013; Chen et al., 
2013; Han et al., 2013). Heterotrophic growth of C. protothecoides upplied with acetate, glucose, 
or other organic compounds and waste materials as carbon sources results in high biomass and 
lipid yields (Chen and Walker, 2011; O'Grady and Morgan, 2011; Chen and Walker, 2012 ; Cerón-
García et al., 2013; Li et al., 2013). Microalgal oils are a potential energy source because they can 
be converted to fatty acid methyl esters (FAMEs or bi diesel) or a hydrocarbon type of diesel. 
Nutritional and environmental factors, including organic and inorganic carbon sources, nitrogen 
source, and the availability of other essential macro- and micro-nutrients such as magnesium, iron 
and copper, temperature, pH level, salinity, and dissolved oxygen, control cell growth and lipid 
content (Miao and Wu, 2006; Shi, Wu and Chen, 2006; Wei et al., 2008; Shen et al., 2010). The 
main factor that affects lipid accumulation in microalgae is the metabolic shift that occurs from 
cell proliferation to accumulation of lipids under the nitrogen-starvation mode. This is dictated by 
the C/N (carbon/nitrogen) ratio. A higher ratio is more beneficial for lipid accumulation (Shen et 
al., 2010).   
Chen and Walker (2011) in a previous study tested th  effectiveness of crude glycerol as a 
carbon source on the growth of Chlorella protothecoides. Observed results proved that 
C.protothecoides grown on crude glycerol yielded higher biomass and lipi concentrations than 
cultures grown on glucose or pure glycerol. Maximum biomass concentration of 23.53 g/L with a 
biomass productivity of 3.92 g/L-day was achieved in the batch mode while using crude glycerol. 
Fed batch cultures yielded a higher maximum biomass concentration of 45.1 g/L and biomass 
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productivity of 5.6 g/L-day. Results indicated that fed batch mode of culturing was better suited 
for high density cultivation of microalgae for increased productivities (Chen and Walker, 2011). 
Ceron-Garcia et al. (2013) compared the fed batch and semi-continuous mode of culturing while 
growing C.protothecoides using pure glycerol as the carbon source. Maximum bio ass 
concentration of 64 and 43.3 g/L and biomass productivity of 3.1 and 8.7 g/L-day was achieved in 
the fed batch and semi-continuous mode respectively. Variable glycerol loading in the range of 0-
100 g/L was used in this study (Ceron-Garcia et al. 2013). Shi et al. (1998) studied the increasing 
concentrations of glucose from 0-100 g/L on the growth of C.protothecoides in the batch mode and 
noted inhibition beyond 80 g/L, it is important to also note that the nitrogen concentration was kept 
constant in this study impacting growth at higher glucose concentrations (Shi et al. 1998). 
Increasing concentrations of glycerol on the growth and yield of C.protothecoides has not been 
fully investigated published literature. Impurities present in the crude glycerol may have an impact 
on growth especially when tested at higher concentrations. Studying the increasing concentrations 
of glycerol and comparing the growth data with increasing concentrations of crude glycerol may 
help in better understanding the effect of high substrate concentrations.  
Biomass and lipid productivity are important factors for the commercial application of 
microalgal biofuels. Low-density cultures are more en rgy intensive to harvest and hence less 
economically viable. To achieve greater microalgal biomass/lipid productivity values and utilize a 
waste stream such as crude glycerol with minimal treatment, this study focuses on unique culture 
techniques of Chlorella protothecoides utilizing biodiesel-derived crude glycerol as a carbon 





3.2. Materials and methods 
3.2.1 Partial refinement and characterization of crude glycerol 
 
 




Biodiesel was produced at the Clemson University mobile biodiesel plant using waste 
vegetable oil (WVO) from campus cafeterias. WVO was subjected to alkali (potassium 
hydroxide)-catalyzed trans-esterification. The obtained crude glycerol had a pH of 9, which was 
neutralized to a pH of 6.8 using concentrated hydrochloric acid (12 N). The pH adjusted crude 
glycerol was centrifuged at a relative centrifugal force (RCF) of 2800 (x g) for 15 min to yield 
three separate layers consisting of a top non-polar ph se, a bottom salt phase, and a middle polar 
phase containing glycerol, methanol, water, and dissolved salts (Figure 3.1). The polar phase was 
carefully removed using a separatory funnel and then subjected to heating at 55ºC with constant 
stirring in a fume hood to evaporate the methanol ad water. This process aided in the salting out 
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of a portion of the salts, mainly potassium chloride that formed as a result of neutralizing the crude 
glycerol. Vacuum filtration through a 0.45-micron filter was used to remove the precipitated salts. 
This partially refined glycerol (PRG) was then analyzed using HPLC. An elemental analysis was 
performed using the inductively coupled plasma (ICP) method as per the wet ash process by the 
Agricultural services laboratory at Clemson University (Chen and Walker 2011). 
3.2.2 Microorganism and inoculum preparation  
Chlorella protothecoides (UTEX 256) was obtained from the University of Texas 
(http://www.sbs.utexas.edu/utex/algaeDetail.aspx?algaeID=2784, Austin, TX). A modified basal 
medium adapted from Chen and Walker 2011 was used in this study. The modified basal medium 
composition per liter is as follows: 0.7 g KH2PO4, 0.3 g K2HPO4, 0.3 g MgSO4.7H2O, 25 mg 
CaCl2.2H2O, 25 mg NaCl, 3 mg FeSO4.7H2O, 0.01 mg vitaminB1, and 1 mL A5 solution, and  30
g/L pure glycerol and 4 g/L ultra pure yeast extract (Amresco llc, Ohio, U.S.A). After autoclaving, 
the flasks were inoculated from the algae slant, pH adjusted to 6.8 with 1 M NaOH and the 
cultures were incubated at temperature of 28ºC, and 200 rpm in an NBS Classic Series C4KC 
refrigerated shaker incubator. A 5% (v/v) inoculum obtained at day 5 was used as inoculum for the 
experiments. 
3.2.3 Batch cultures 
All the experiments were conducted aseptically in triplicate using 500-mL shake flasks 
with foam stoppers. The medium contained the basal medium and the ratio of C/N constant at 
7.5/1, as used in previous research (Chen and Walker, 2011). The levels of the treatments are 
shown in table 3.1. The pH of each flask was adjusted to 6.8 using 1 M NaOH. Once the medium 
constituents were added, including the carbon sources, pure glycerol (PG) or partially refined 
glycerol (PRG), and nitrogen source, the flasks were autoclaved at 121ºC for 20 min. The flasks 
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were then cooled and inoculated with 5% v/v of the se d cultures prepared separately in flasks, as 
described in the previous section. The flasks were then incubated in a refrigerated shaker incubator 
(NBS Classic series C4KC) maintained at 28ºC and 200 rpm. 5 mL sample from each flask were 
collected each day and analyzed for glycerol concentration, pH, and cell dry weight (CDW). For 
lipid extraction, the cells were freeze-dried to constant weight.  
 
Table 3.1. Glycerol (carbon source) and yeast extract (nitrogen source) concentrations for 
the different treatments 
Treatment Glycerol concentration in 
PRG and PG experiments 
(C) (g/L) 
Yeast extract 
concentration (N) (g/L) 
1 30 4 
2 60 8 
3 90 12 
4 120 16 
5 150 20 
6 300 40 
                   PRG- partially refined glycerol, PG- pure glycerol 
 
                    
3.2.4 Fed-batch cultures 
Inoculum was prepared by inoculation using a loop fr m a slant into a 500-mL shake flask 
containing basal medium as described in section 3.2.2. Fed-batch experiments were conducted in a 
7.5 liter fermenter (New Brunswick BIOFLO110™); with airflow rate at 5 liters per minute 
(LPM), temperature at 28ºC, pH at 6.8 with addition of 1M NaOH and 1M H2SO4, and dissolved 
oxygen (DO) at 50% saturation maintained by automatically varying the agitation speed. Initially, 
3 L of medium containing 60 g/L glycerol and 8 g/L yeast extract was added to the bioreactor. A 
target concentration of 60 g glycerol/L was maintaied by supplementing with needed volume 
daily. The culturing was concluded when the bioreactor was fed to a volume of 4.5 L. Two 
concentrated stock solutions were tested; one containi g 300 g/L glycerol and 30 g/L yeast extract 
and the second containing 450 g/L glycerol and 45 g/L yeast extract. 
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3.2.5 Analytical techniques 
3.2.5.1 Growth parameter determination 
Cell dry weight (CDW) was measured directly by centrifuging a known sample volume at 
2800 (x g) for 15 min. Supernatant was collected for substrate measurements, and the pellet was 
subjected to triplicate washes with distilled water. The pellet was then dried to constant weight in a 
oven maintained at 80 ºC and data were recorded as g biomass/L.  
3.2.5.2 Glycerol concentration determination 
Glycerol concentrations were quantified using an HPLC equipped with a pulsed refractive 
index detector. Analytes were separated using an Aminex HPX-87H column at 60°C with 0.01 N 
H2SO4 as the mobile phase at a flow rate of 0.6 mL/min; prepared by diluting a 10 N HPLC-grade 
H2SO4 solution (obtained commercially) with nano-pure water. 
3.2.5.3 Lipid content determination 
Intracellular lipids were extracted by mechanically disrupting the microalgal cell walls and 
solubilizing the lipids in hexane (Walker, Cochran and Hulbert, 1999; Cantrell and Walker, 2009). 
Known amounts of freeze-dried biomass were mixed in a centrifuge tube with 20 mL of hexane, 
and the cell walls were disrupted using a polytron h mogenizer (KINEMATICA™) for 5 min. The 
sample was kept in a water bath maintained at 55°C for 5 min and homogenized again for 5 min. 
The tubes were then capped, and the slurry was centrifuged. The supernatant was collected in fresh 
tubes, and the residual biomass was again subjected to he same extraction procedure, only this 
time initially using 5 mL hexane. This procedure was repeated at least two times to ensure that all 
the hexane-soluble lipids from the biomass were extracted into the hexane phase. The pooled 
supernatants were then evaporated using a rotary evporator. The lipid obtained after evaporation 
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of the solvent was obtained as a constant weight and recorded as g lipids / g biomass (Yp/x) or lipid 
content (%wt). 
3.2.5.4 Lipid derivatization and FAME analysis 
A 1-mL aliquot of the algae culture was centrifuged in a glass tube, and the supernatant 
was discarded. The pellet was then re-suspended in 0.7 mL of 10 N KOH and 6.3 mL of methanol 
by vortexing vigorously. The tubes were then incubated for 90 min in a 75°C water bath and 
rapidly cooled in an ice bath; 1 mL of 24 N H2SO4 was then added. The mixture was vortexed 
again and incubated for 60 min in a 70°C water bath and cooled rapidly in an ice bath. The fatty 
acid methyl esters (FAMEs) were extracted by adding 2 mL of hexane and mixing gently for 10 
min. The top layer containing the FAMEs was removed carefully and transferred to glass vials.  
Fatty acid composition was determined using a gas chromatography (Model GC 2010, 
Shimadzu, USA) fitted with a flame ionization detector (FID, using a SP-2560 column (length 
100m, internal diameter 0.25mm and film thickness 0.20µm, SUPLECO). Hydrogen was used as 
the carrier gas at a flow rate of 45.0 mL/min. A split injection mode at a ratio of 2:1. Initially the 
oven was maintained at 80ºC for 3 minutes and then heated at the rate of 6% increase to 240ºC and 
held at that temperature for 10 minutes. The injection port was maintained at a temperature of 
240ºC and the total run time was for 40 minutes. Data are reported as a mean of three independent 
measurements. 
3.2.6 Statistical analysis 
Experimental means were compared for statistical significance using Tukeys honest 





3.2.7 Determination of kinetic and yield parameters 
Specific growth rates were calculated by plotting the natural logarithm of biomass 
concentration versus time (day) during early phase of growth, and the slope of the exponential 
phase was observed to be the specific growth rate (d y-1). Maximum specific growth rate and half 
saturation constant of Monod model(equation 3.1) were estimated using non-linear regression 
model in JMP and linear regression of the Lineweaver-Burk, (equation 3.2) model.  
 
                       -Equation 3.1 
                 -Equation 3.2 
  
Average biomass productivity was calculated as the change in biomass concentration over 
a 6 day period prior to the maximum biomass concentration and recorded as g/L-day.  
3.3. Results and discussion 
3.3.1 Effect of type and concentration of glycerol on biomass and lipid productivity of Chlorella 
protothecoides 
3.3.1.1 Effect of partially refined glycerol (PRG) 
The partially refined glycerol contained 88.12% (w/w) glycerol. The volume of PRG added 
to the media was corrected using the above percentag  to yield the desired concentration. Chen and 
Walker (2011) used a glycerol and yeast extract concentration of 30 and 4 g/L, respectively. 
Maintaining the same ratio of glycerol:yeast extract (7.5:1), experiments were conducted to test the 
effect of increasing concentrations of glycerol on the biomass/lipid productivities. Cultures started 
to grow since day 1 for all the treatments with increasing concentrations of glycerol, indicating that 
the algae adapted to the media fairly quickly. At an initial glycerol concentration of 30 g/L, the 
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substrate was consumed by the algae to below detectabl  limits in 6 days, with a maximum 
biomass concentration of 13.49 g/L (Figure 3.2A). When the initial glycerol concentration was 
increased to 60 g/L, the maximum biomass concentration increased to 26.08 g/L, and the glycerol 
was consumed to below detection in 6.5 days (Figure 3.2B). A maximum biomass concentration of 
34.94 and 50.1 g/L was observed when the initial glycerol concentration was at 90 (Figure 3.2C) 
and 120 g/L (Figure 3.2D), respectively, and the glycerol was consumed in 9 and 11.25 days, 
respectively. Further increases in the initial glycerol concentrations to 150 and 300 g/L in the batch 
mode yielded no biomass growth. This could be due to substrate inhibition; the presence of other 
impurities in PRG could also have an inhibitory effect on growth because an increase in substrate 
concentration also increases the other components present in PRG. Figure 3.2 shows a plot of the 
glycerol and biomass concentrations and changes in pH over time for the four treatments in which 
growth occurred. The growth of biomass resulted in an initial decrease in the pH, which eventually 
plateaued. Toward the end of the culture, the pH was observed to increase, indicating a lack of 


















































































































































































Time (days)  
Figure 3.2. Plot of the glycerol and biomass concentrations and pH versus time using partially 
refined glycerol (PRG). X- pH, □- glycerol concentration (g/L), ■- biomass concentration (g/L). 
A- Initial glycerol concentration of 30 g/L, B- initial glycerol concentration of 60 g/L, C- initial 
glycerol concentration of 90 g/L, D- initial glycerol concentration of 120 g/L. The data points are 
the mean values of triplicate runs ± standard deviation. (Data for initial glycerol concentrations 
150 and 300 g/L were not plotted since no growth occurred) 
 
The specific growth rate (µ) increased with an increase in the initial glycerol concentration 
and reached a maximum when the initial glycerol concentration was at 120 g/L. The µ values were 
calculated to be 0.74, 0.77, 0.94, and 0.99 (day-1) when the initial glycerol concentrations were 30,
60, 90, and 120 g/L, respectively (Table 3.2). There was no significant difference in the specific 
growth rates when the initial glycerol concentrations were 90, and 120 g/L, whereas the specific 
growth rates for initial glycerol concentrations of 30 was significantly different and lower from 
initial glycerol concentrations 90 and 120 g/L. Yx/s was the highest and significantly different at an 
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initial glycerol concentration of 30 g/L. In general, increasing the initial glycerol concentration 
decreased the yield biomass per substrate (Yx/s) (Table 3.2). No significant difference in lipid 
content (%wt) and yield product per substrate (Yp/s) was observed when comparing among an 
initial glycerol concentration of 30, 60, 90, and 120 g/L. 
 
Table 3.2. Kinetic and yield parameters for the growth of Chlorella protothecoides using PRG as 
the carbon source 
Parameter Initial glycerol 
concentration of 
 30 g/L 1 
Initial glycerol 
concentration 
of 60 g/L 2 
Initial glycerol 
concentration of  
90 g/L 3 
Initial glycerol 
concentration of 




of 150 g/L  
µ (day-1) 0.74 ± 0.11c 0.77 ± 0.06 b,c 0.94 ± 0.03a,b 0.99 ± 0.06a ng 
Y x/s (g 
biomass/g 
substrate) 
0.46 ± 0.01a 0.43 ± 0.01b 0.39 ± 0.01c 0.41 ± 0.01b,c ng 
Y p/s (g lipids/g 
substrate) 





13.50 ± 0.13d 26.08 ± 0.31c 34.94 ± 0.90b 50.10 ± 1.11a ng 
Lipid content 
(%) 





2.25 ± 0.02b 
 
4.15 ± 0.26a 
 
4.23 ± 0.09a 
 










1.06 ± 0.03c 1.75 ± 0.04b 1.80 ± 0.12b 2.28 ± 0.12a ng 
The data points are the mean values of triplicate runs ± standard deviation. Means not having the 
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Figure 3.3. Plot of the average biomass productivity over time using PRG as the carbon source. 
The data points are the mean values of triplicate measurements ± standard deviation.  
 
 
Final day lipid productivity was significantly different and highest when the initial glycerol 
concentration was 120 g/L (Table 3.2). Biomass productivity not significantly different when the 
initial glycerol concentrations were at 60, 90 and 120 g/L. Although, lower and significantly 
different at an initial glycerol concentration of 30 g/L. A maximum biomass and lipid productivity 
of 4.57 and 2.28 g/L-day was determined. Plot of the average biomass productivity over time 
showed that the peak average biomass productivity (5.91 g/L-day) was observed on day 3, when 
the initial glycerol concentration was 60 g/L. Overall, considering biomass and lipid productivities, 
the maximum biomass concentration and lipid content, the highest values in the batch mode, were 
obtained when the initial glycerol concentration was 120 g/L. As shown in figure 3.3, it should be 
noted that for an initial glycerol concentration of 120 g/L, there appeared to be a decrease in the 
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average biomass productivity from day 6 to day 7 and  minor increase until day 10. This could be 
due to oxygen limitation, as the shaker speed was controlled at 200 rpm in the batch mode. 







































































































































































Time (days)  
Figure 3.4. Plot of the glycerol and biomass concentrations and pH versus time using PG as the 
carbon source. X- pH, □- glycerol concentration (g/L), ■- biomass concentration (g/L). A- Initial 
glycerol concentration of 30 g/L, B- initial glycerol concentration of 60 g/L, C- initial glycerol 
concentration of 90 g/L, D- initial glycerol concentration of 120 g/L. The data points are the mean 
values of triplicate runs ± standard deviation. (Data for initial glycerol concentrations 150 and 300 
g/L were not plotted since no growth occurred) 
 
 
Effect of the impurities in PRG could have accelerat d or decelerated the growth of this 
microalgal species. High salt tolerance of this microalga was reported by Heredia-arroyo et al 
(2010); however, the effect of potassium chloride from the same study is unknown. Hence, the 
effect of an increasing concentration of PG was compared to that of PRG. Similar to PRG, the 
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substrate was consumed to below detectable limits in 6, 6.5, and 9 days when the initial glycerol 
concentration was 30 (Figure 3.4A), 60 (Figure 3.4B), and 90 g/L (Figure 3.4C), respectively. 
However, when the initial glycerol concentration was 120 g/L (Figure 3.4D), the glycerol was 
consumed in 14 days compared to 11.25 days when PRG was used. This could be because of the 
lack of micronutrients in the PG medium, a trace metal analysis of PRG showed the presence of 
0.623 ppm aluminum, 3.596 ppm calcium, 0.677 ppm copper, 1.525 ppm iron, > 27507 ppm 
potassium, 1.883 ppm magnesium, 0.029 ppm manganese, 254.9 ppm sodium, 111.254 ppm 
phosphorous, and 13.157 ppm zinc.  
For all treatments using PRG and PG, the micronutrient concentration was kept the same at 
1x. Specific growth rate increased with the increase in the substrate concentration and was at a 
maximum when the initial glycerol concentration was 90 g/L, at 1.21 day-1, and decreased to 0.89 
day-1 when the initial glycerol concentration was 120 g/L. pH change was greater while using the 
PG media when compared to the PRG media. This may be due to the presence of impurities 
enhancing the buffering capabilities of the PRG media. Total substrate inhibition was noted when 
the initial glycerol concentration was increased to 150 and 300 g/L. Considering Yx/s, Yp/s, the 
maximum biomass concentration, and the lipid content, he best growth was achieved in the batch 
mode using PG as the substrate at an initial glycerol concentration of 90 g/L (Table 3.3). 
Comparing the growth of C. protothecoides on PRG and PG, the biomass concentrations at initial 
glycerol concentrations, 90 g/L was greater while using PG than when using PRG (α=0.05). A 
similar effect could be deduced by comparing the yield parameters (Yx/s and Yp/s) and µ for the 
initial glycerol concentration of 90 g/L. While comparing the maximum biomass concentration, 
Yx/s, Yp/s and µ for initial glycerol concentration of 120 g/L, no significant difference in their 
values were determined.  
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Similar to the PRG media, while using PG media no significant difference in the biomass 
productivity was determined at an initial glycerol c ncentration of 60, 90 and 120 g/L, although all 
were significantly different and lower at 30 g/L. The average and peak biomass productivity was 
observed at a maximum of 4.68 and 5.02 g/L-day when usi g PG as the carbon source at an initial 
glycerol concentration of 90 g/L (Figure 3.5). The peak average biomass productivity using PRG 
was higher (5.91 g/L-day) and was observed at a glycerol concentration of 60 g/L. A higher overall 
average productivity was observed while using PG at an initial glycerol concentration of 90 g/L 
(Figure 3.5). The average biomass productivity for an initial glycerol concentration of 120 g/L was 
the highest on day 6 and slowly declined in the subsequent days. Overall, the results indicate that a 
initial glycerol concentration of 90 g/L yielded the best results when using PG, without increasing 
the components of the basal medium in the batch mode (i.e., 1X constituents in the basal medium).  
 
Table 3.3. Yield parameters for Chlorella protothecoides grown using pure glycerol as the carbon 
source 
Parameter Initial glycerol 
concentration of 
30 g/L 1 
Initial glycerol 
concentration 




90 g/L 3 
Initial glycerol 
concentration of 




of 150 g/L  
µ (day-1) 0.61 ± 0.06b 0.91 ± 0.15a,b 1.21 ± 0.17a 0.89 ± 0.08a,b ng 
Yx/s 
(g biomass/ g 
substrate) 
 
0.46 ± 0.05a 
 
0.44 ± 0.02a 
 
0.45 ± 0.03a 
 
0.41 ± 0.02a 
ng 
Yp/s 
(g lipids/g substrate) 
 
0.24 ± 0.03a 
 
0.24 ± 0.02a 
 
0.23 ± 0.03a 
 




13.6 ± 0.64c 28.3 ± 0.72b 43.20 ± 2.6a 47.7 ± 3.41a ng 




2.27 ± 0.11b 
 
4.37 ± 0.13a 
 
4.68 ± 0.42a 
 




7.12 ± 0.44c 15.34 ± 0.57b 21.39 ± 2.13a 24.64 ± 2.86a ng 
Lipid productivity 
(g/L-day) 
1.19 ± 0.07c 2.36 ± 0.09a 2.38 ± 0.24a 1.76 ± 0.20b ng 
The data points are the mean values of triplicate measurements ± standard deviation. Means not 
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Figure 3.5. Plot of the average biomass productivity over time using pure glycerol (PG) as the 
carbon source, Data points are the mean values of triplicate measurements ± standard deviation.  
 
3.3.2.3 Modeling of kinetic parameters for batch growth 
Kinetic parameters were estimated using the linear and non-linear regression models 
following the Monod kinetics. Including all the data for initial substrate concentrations a maximum 
specific growth rate and half saturation constant of 1.25 day-1 and 19.8 g/L were calculated while 
using PG as the glycerol source compared to 1.03 day-1 and 9.07 g/L for PRG (Table 3.4).  
Algal growth seemed to be inhibited at an initial glycerol concentration of 120 g/L when using PG 
(Figure 6A), hence the maximum specific growth rate was re-fitted omitting the growth rate at that 
initial concentration. The predicted maximum specific growth rate was then 1.91 day-1. Substrate 
may have been inhibitory beyond initial glycerol con entrations of 90 g/L. Presence of impurities 
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in PRG could have inhibited growth at all the concentrations indicated by the lower maximum 










Lineweaver-Burk plots were used for comparison, the maximum specific growth rate and 
half saturation constant calculated were very similar to the non-linear models, except when 120 
All Data -
PRG 
All Data - 
PG 
Without 
 120 g/L-PRG 
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g/L was omitted for the PG media. A plot of the residuals indicated a random pattern for the PG 
media and a non random pattern for the PRG media. So the non-linear model supports the PG 
media and linear model (Lineweaver-Burk) supports the PRG media. 
 











1.25 1.91 1.03 















 Ks (g/L) 18.22 36.43 7.64 
 
 
3.3.3 Fed-batch culture of Chlorella protothecoides 
Glycerol concentration of 60 g/L was used for fed-batch culture studies, due to high 
biomass productivity achieved from the batch culture studies. Fed-batch studies were carried out in 
duplicate using two different feed concentrations. I  treatment 1 (Figure 3.7A), a concentrated 
stock containing 300 g/L glycerol (PRG) and 30 g/L yeast extract in basal medium was used to 
feed the bioreactor. In treatment 2 (Figure 3.7B), the concentrations of glycerol and yeast extract in 
the stock were increased to 450 (PRG) and 45 g/L, respectively. In both treatments, the goal was to 
maintain a glycerol concentration of 60 g/L, which was twice the concentration noted by Chen and 









































































Figure 3.7. Substrate, biomass, and lipid concentrations over time for the two fed batch treatments. 
(A) Treatment 1: the concentrated stock contained 300 g/L glycerol and 30 g/L yeast extract. (B) 
Treatment 2: the concentration stock contained 450 g/L glycerol and 45 g/L yeast extract. The data 
are the mean of triplicate measurements and duplicate runs ± standard deviation. □- glycerol 
concentration (g/L), ■- biomass concentration (g/L), X-lipid concentration (g/L). The data points 





Treatment 1 achieved a maximum biomass concentration of 71.48 g/L in 7 days, whereas 
treatment 2 reached a maximum biomass concentration of 95.3 g/L in 13 days. In treatment 1, the 
growth of C. protothecoides was still exponential at the end of 7 days. In treatment 2, the cell 
growth was also exponential on day 7, with a biomass concentration of 50.8 g/L, and this culture 
continued to grow until day 10, after which the change in biomass concentration, though 
increasing, was very minimal (Figure 3.7B). The substrate consumption was also limited after day 
11 in treatment 2 (Figure 3.7B). The lipid contents after day 11 were not statistically different. 
Maximum lipid concentrations of 37.5 g/L and 49.45 g/L were achieved in treatment 1 and 
treatment 2, respectively. The lipid concentrations followed a similar pattern to the biomass 
accumulation in both the treatments indicating thate lipid is produced as a growth associated 
(Type 1) product by C.protothecoides: initially, the lipid content was below 50% (day 3 for 
treatment 1 and day 4 for treatment 1, after which it was consistent, at approximately 50%. 
Chen and Walker (2011) compared the growth of C. protothecoides on three different 
substrates in the fed-batch mode when cultured for 8 days and achieved a maximum biomass 
concentration of 45.2 g/L and biomass productivity of 5.65 g/L-day when fed with biodiesel 
derived crude glycerol. The reason for the decreased maximum biomass and lipid concentrations 
could be because of the lower feed concentrations of 150 g/L glycerol and 15 g/L yeast extract, 
and the presence of methanol may have an inhibitory effect on growth. In our study, both the 
biomass and lipid productivities were significantly higher in treatment 1 when compared to 
treatment 2 (Figure 3.8). Therefore our data suggests that increasing feed concentration increases 

























Figure 3.8. Average biomass and lipid productivities v rsus time for the fed batch culture of 
Chlorella protothecoides. ∆- Biomass productivity for treatment 1, □- lipid productivity for 
treatment 1,▲- biomass productivity for treatment 2, ■- lipid productivity for treatment 2. The 
data points are the mean values of triplicate measur ments ± standard deviation.  
 
 
3.3.4 Fatty acid composition analysis 
Fatty acid methyl ester (FAME) composition was compared between the different batch 
and fed-batch treatments. In all the treatments, oleic acid (C18:1n9c, Omega 9 fatty acid) was the 
most abundant fatty acid, and no significant difference in its methyl ester composition was 
observed across the treatments (Table 3.5). Similar to oleic acid, no significant difference was 
observed in the fatty acid composition of palmitic acid (C16:0) methyl ester. 
Comparing among the fed-batch treatments, there was no significant difference in the 
relative weight percentages of fatty acid methyl esters. Linoleic acid (C18:2n6C) methyl ester was 
found to decrease with an increase in the initial glycerol concentration up to 90 g/L, and a slight 
increase in this trend was observed at an initial glycerol concentration of 120 g/L. The trend was 







Table 3.5. Fatty acid composition of lipids extracts from Chlorella protothecoides in batch and fed batch studies 
Glycerol 
type 



























Fed batch 1 Fed batch 2 
C14:0 
 



















C15:0 0.29±0.02d 0.34±0.04c,d 0.46±0.02c,d 0.40±0.03c,d 0.30±0.06c,d 0.41±0.06c,d 0.48±0.03c 0.82±0.15b 1.22±0.00a 1.25±0.00a 
C16:0 11.06±0.4a 10.82±0.5a 10.34±0.1a 10.02±0.5a 10.74±1.09a 11.31±0.83a 10.03±0.63a 10.45±0.97a 11.12±0.6a 11.25±0.4a 
C16:1 0.32±0.03d 0.79±0.07a,b 0.88±0.03a 0.76±0.04a,b 0.45±0.11c,d 0.59±0.13b,c 0.67±0.11a,b,c 0.82±0.09a,b 0.45±0.01c,d 0.47±0.00c,d 
C17:0 0.95±0.05c,d 1.27±0.1b,c 1.63±0.06a,b 1.61±0.16a,b 0.63±0.09d 1.07±0.23c,d 1.58±0.19a,b 1.82±0.28a 0.63±0.13d 0.65±0.04d 
C17:1 0.35±0.01c,d,e 0.62±0.1b,c 0.9±0.01b 0.11±0.01e 0.23±0.06d,e 0.53±0.68c,d 0.68±0.1c,d 1.33±0.3b,c 0.49±0.03c,d 0.49±0.00c,d 
C18:0 3.14±0.06b,c 6.05±1.09a,b 8.47±0.18a 7.25±1.5a 1.57±0.28c 3.53±1.83b,c 6.85±1.93a 3.18±0.29b,c 1.23±0.07c 1.12±0.1c 
C18:1n9c 58.76±0.43a 58.48±1.15a 61.03±0.35a 61.6±1.06a 60.0±3.7a 59.2±1.6a 59.9±4.02a 61.55±0.92a 62.2±3.45a 61.03±2.9a 
C18:2n6c 21.38±0.9a,b 18.33±2.3a,b,c 12.44±0.09c 14.51±3.1b,c 21.68±2.05s 19.08±0.8s,b,c 15.7±3.8a,b,c 15.07±1.4a,b,c 19.3±3.9a,b,c 19.9±3.5a,b,c 
C18:3n3 1.2±0.08a,b,c 0.47±0.08c,d 0.27±0.03d 0.31±0.01d 1.79±0.17a 1.24±0.6a,b 0.53±0.25b,c,d 1.04±0.29b,c 0.69±0.07b,c,d 0.73±0.07b,c,d 
C20:0 0.37±0.00b,c 0.57±0.08a,b 0.79±0.02a 0.75±0.06a 0.3±0.14c 0.41±0.14b,c 0.73±0.1a 0.8±0.09a 0.73±0.01a 0.71±0.01a 
C20:1 0.15±0.00c 0.15±0.00c 0.22±0.01b,c 0.24±0.00b,c 0.10±0.03c 0.16±0.07c 0.18±0.04b,c 0.47±0.18a 0.39±0.00a 0.38±0.00a 
PRG- partially refined glycerol and PG- pure glycerol. The means of three independent runs ± SD is report d. Means not having the 
same letters are significantly different.
 
3.3.5 Discussion 
One of the main issues that hinder the commercialization of the algal biofuel 
industry is the cost involved in harvesting. Sheehan et al (1998) estimated that the cost of 
harvesting may be as high as 30% of the total operating cost. In the heterotrophic mode 
of culturing, the cost of substrate may be a major disadvantage. Several researches have 
focused on the high-density cultivation of microalgae (Table 3.6) (Chen and Walker, 
2011; Cerón-García et al., 2013; Chen and Walker, 2012; O'Grady and Morgan, 2011; 
Xiong et al., 2008; Xu, Miao and Wu, 2006; Wei et al., 2009). Zheng et al (2013) proved 
that a high density of Chlorella sp. is possible: while culturing Chlorella sorokiniana at a 
pH of 7 and a temperature of 42ºC, a maximum biomass concentration of 103.8 g/L and a 
lipid concentration of 40.2 g/L were achieved (Zheng t al., 2013). Garcia et al (2013) 
used pure glycerol to culture C. protothecoides and achieved a maximum biomass 
concentration of 64 g/L and a biomass productivity of 3.1 g/L-day in the fed batch mode 
and achieved a maximum biomass concentration of 43.3 g/L and a biomass productivity 
of 8.7 g/L-day in the semi-continuous mode. Chen and Walker (2011) used crude 
glycerol in the fed batch mode and achieved a maximum biomass concentration of 45.1 
g/L and a biomass productivity of 5.64 g/L-day. By developing a method for the 
pretreatment of crude glycerol to partially refine glycerol (PRG) and using high-
concentration feeding strategies, we increased the maximum biomass concentration to 
95.3 g/L and the biomass productivity to 10.6 g/L-day. A maximum lipid concentration 
of 49.45 g/L and lipid productivity of 5.36 g/L-day were achieved. To our knowledge, 
these are the highest biomass and lipid productivities reported in the literature.  
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A maximum biomass concentration of 50.1 g/L and lipid concentration of 25.6 
g/L were achieved in the batch mode. Biomass and lipi  productivities of 4.45 g/L-day 
and 2.28 g/L-day were observed using partially refined glycerol and 4.8 g/L-day and 2.38 
g/L-day were obtained using pure glycerol in the batch mode. Shi et al (1999) found 
substrate inhibitory effects using glucose beyond 80 g/L when culturing C. 
protothecoides. Similarly, Zheng et al (2013) found substrate inhibitory effects for 
glucose beyond 80 g/L when culturing C. sorokiniana (Zheng et al., 2013; Shi et al., 
1999). In our study, substrate inhibition was not found when using pure glycerol or 
partially refined glycerol up to a glycerol concentration of 120 g/L.
 
Table 3.6.  Comparison of the biomass concentration, productivities, and yield coefficients of Chlorella protothecoides growth 
between previous studies and the present study using the batch and fed batch modes 















YX/S YP/X References 
Batch         
500 mL/ UTEX256 30 (Glucose) 4 (YE) 15.28 3.05 1.53 0.53 - (Chen and Walker, 2011) 
500 mL/ UTEX256 30 (PG) 4 (YE) 19.19 3.19 1.62 0.53 - (Chen and Walker, 2011) 
500 mL/ UTEX256 30 (CG) 4  (YE) 23.53 3.92 2.43 0.54 - (Chen and Walker, 2011) 
250mL/UTEX249 40 (Glucose) 1.7 (urea) 19.6 - - -  (Heredia-Arroyo, Wei and 
Hu, 2010) 
250mL/UTEX249 20.4 (PG) 4 (YE) 4.25 - 0.17 - 0.19 (Heredia-Arroyo, Wei and 
Hu, 2010) 
500 mL/ UTEX255 40 (Glucose) 4.2 (YE) 14.2 - 0.509 -  (Shen et al., 2010) 
500 mL/ UTEX256 30 (PG) 4 (YE) 13.6 2.27 1.19 0.46 0.24 This Study 
500 mL/ UTEX256 60 (PG) 8 (YE) 28.3 4.35 2.36 0.44 0.24 This Study 
500 mL/ UTEX256 90 (PG) 12 (YE) 43.20 4.8 2.38 0.45 0.23 This Study 
500 mL/ UTEX256 120 (PG) 16 (YE) 47.7 3.38 1.76 0.41 0.22 This Study 
500 mL/ UTEX256 30 (PRG) 4 (YE) 13.5 2.25 1.06 0.46 0.22 This Study 
500 mL/ UTEX256 60 (PRG) 8 (YE) 26.08 4.01 1.75 0.43 0.20 This Study 
500 mL/ UTEX256 90 (PRG) 12 (YE) 34.94 3.88 1.80 0.39 0.18 This Study 
500 mL/ UTEX256 120 (PRG) 16 (YE) 50.10 4.45 2.28 0.41 0.21 This Study 
Fed batch and semi-continuous        
5.5 L Bioreactor/ UTEX256 30 (Glucose) 4 (YE) 46.0 - 3.047 0.53 - (Chen and Walker, 2011) 
5.5 L Bioreactor/ UTEX256 30 (PG) 4 (YE) 43.3 - 2.803 0.53 - (Chen and Walker, 2011) 
5.5 L Bioreactor/ UTEX256 30 (CG) 4 (YE) 45.1  2.993 0.54 - (Chen and Walker, 2011) 
2 L Bioreactor/ UTEX25 0-100 (PG) 0-4 (YE) 64.0 3.1    (Cerón-García et al., 2013) 
2 L Bioreactor/ UTEX25 0-100 (PG) 0-4 (YE) 43.3 8.7 4.3   (Cerón-García et al., 2013) 
5L Bioreactor/ UTEX0710 30/ (CSH) 2 (YE) 53.6 7.66  0.53  (Lu et al., 2010) 
5L Bioreactor/ UTEX 24/ (Glucose)  51.2 7.31  0.50  (Xiong et al., 2008) 
7L Bioreactor/ UTEX 256 60/ (PRG) Fed 




with 30 g/L 
YE 
71.48 10.6 5.36 0.53 - This study 
7L Bioreactor/ UTEX 256 60/ (PRG) Fed 




with 45 g/L 
YE 
95.3 8.24 4.20 0.55 - This study 




The capability of microalgae to accumulate high inter al lipid contents is well 
known, and biomass and lipid concentration are not the only factors controlling the 
viability of microalgal biofuels. Biomass and lipid productivities are very important to 
reduce the downstream processing of microalgae and also to reduce capital costs.  
In this study, we observed that (1) partially refind glycerol (PRG) is an 
inexpensive alternative to pure glycerol (PG), (2) fed-batch bioreactor culturing increased 
the maximum biomass and lipid concentration to 95.3 and 49.45 g/L, (3) biomass and 
lipid productivities increased to 10.6 and 5.6 g/L-day under bioreactor culturing, and (4) 
the major fatty acids found in the oil extract from Chlorella protothecoides were oleic 
acid, linoleic acid, and palmitic acid. 
Acknowledgements 
The authors acknowledge the efforts of C. David Thornton for providing us with 
the crude glycerol by collecting waste vegetable oil (WVO) from Clemson Cafeterias and 
turning it into biodiesel using the Clemson mobile iodiesel unit. Authors also thank the 











Borowitzka, M.A., Borowitzka, L.J., 1988. Micro-algal biotechnology. Cambridge 
University Press.  
Campenni', L., Nobre, B.P., Santos, C.A., Oliveira, A.C., Aires-Barros, M.R., Palavra, 
A.M., Gouveia, L., 2013. Carotenoid and lipid production by the autotrophic microalga 
Chlorella protothecoides under nutritional, salinity, and luminosity stress conditions, 
Appl. Microbiol. Biotechnol. 97, 1383-1393.  
Cantrell, K.B., Walker, T.H., 2009. Influence of temperature on growth and peak oil 
biosynthesis in a carbon-limited medium by P thium irregulare, J. Am. Oil Chem. Soc. 
86, 791-797.  
Cerón-García, M.C., Macías-Sánchez, M.D., Sánchez-Mirón, A., García-Camacho, F., 
Molina-Grima, E., 2013. A process for biodiesel production involving the heterotrophic 
fermentation of Chlorella protothecoides with glycerol as the carbon source, Appl. 
Energy. 103, 341-349.  
Chen, C., Chang, J., Chang, H., Chen, T., Wu, J., Lee W., 2013. Enhancing microalgal 
oil/lipid production from Chlorella sorokiniana CY1 using deep-sea water supplemented 
cultivation medium, Biochem. Eng. J. 77, 74-81.  
Chen, Y.H., Walker, T.H., 2011. Biomass and lipid production of heterotrophic 
microalgae Chlorella protothecoides by using biodiesel-derived crude glycerol, 
Biotechnol. Lett. 33, 1973-1983.  
85 
 
Chen, Y.H., Walker, T.H., 2012. Fed-batch fermentation and supercritical fluid extraction 
of heterotrophic microalgal Chlorella protothecoides lipids, Bioresour. Technol. 114, 
512-517.  
Gao, C., Zhai, Y., Ding, Y., Wu, Q., 2010. Application of sweet sorghum for biodiesel 
production by heterotrophic microalga Chlorella protothecoides, Appl. Energy. 87, 756-
761.  
Han, F., Wang, W., Li, Y., Shen, G., Wan, M., Wang, J., 2013. Changes of biomass, lipid 
content and fatty acids composition under a light–dark cyclic culture of Chlorella 
pyrenoidosa in response to different temperature, Bioresour. Technol. 132, 182-189.  
Heredia-Arroyo, T., Wei, W., Hu, B., 2010. Oil accum lation via 
heterotrophic/mixotrophic Chlorella protothecoides, Appl. Biochem. Biotechnol. 162, 
1978-1995.  
Johnson, D.T., Taconi, K.A., 2007. The glycerin glut: Options for the value‐added 
conversion of crude glycerol resulting from biodiesel production, Environ. Prog. 26, 338-
348.  
Li, C., Lesnik, K.L., Liu, H., 2013. Microbial Conversion of Waste Glycerol from 
Biodiesel Production into Value-Added Products, Energies. 6, 4739-4768.  
Li, Y., Fei, X., Deng, X., 2012. Novel molecular ins ghts into nitrogen starvation-induced 
triacylglycerols accumulation revealed by differential gene expression analysis in green 
algae Micractinium pusillum, Biomass Bioenergy. 42, 199-211.  
86 
 
Li, Y., Yuan, Z., Mu, J., Chen, D., Zeng, H., Feng, B., Fang, F., 2013. Potato Feedstock 
as an Organic Carbon Source for Efficient Biomass and Lipid Production by the 
Heterotrophic Microalga Chlorella protothecoides, Energy Fuels. 27, 3179-3185.  
Lu, Y., Zhai, Y., Liu, M., Wu, Q., 2010. Biodiesel production from algal oil using 
cassava (Manihot esculenta Crantz) as feedstock, J. Appl  Phycol. 22, 573-578.  
Miao, X., Wu, Q., 2006. Biodiesel production from heterotrophic microalgal oil, 
Bioresour. Technol. 97, 841-846.  
O'Grady, J., Morgan, J.A., 2011. Heterotrophic growth and lipid production of Chlorella 
protothecoides on glycerol, Bioprocess Biosyst Eng. 34, 121-125.  
Perry, R.H., Green, D.W., Maloney, J.O., 1984. Perry's chemical engineer's handbook, 
Anonymous Perry's chemical engineer's handbook. McGraw-Hill Book, .  
Pott, R.W., Howe, C.J., Dennis, J.S., 2014. The purification of crude glycerol derived 
from biodiesel manufacture and its use as a substrate by Rhodopseudomonas palustris to 
produce hydrogen, Bioresour. Technol. 152, 464-470.  
Sarma, S.J., Brar, S.K., Le Bihan, Y., Buelna, G., Soccol, C.R., 2014. Mitigation of the 
inhibitory effect of soap by magnesium salt treatment of crude glycerol–A novel 
approach for enhanced biohydrogen production from the biodiesel industry waste, 
Bioresour. Technol. 151, 49-53.  
Sheehan, J., Camobreco, V., Duffield, J., Graboski, M., Shapouri, H., 1998. Life cycle 
inventory of biodiesel and petroleum diesel for usein an urban bus. Final report.  
87 
 
Shen, Y., Yuan, W., Pei, Z., Mao, E., 2010. Heterotrophic culture of Chlorella 
protothecoides in various nitrogen sources for lipid production, Appl. Biochem. 
Biotechnol. 160, 1674-1684.  
Shi, X., Liu, H., Zhang, X., Chen, F., 1999. Production of biomass and lutein by 
Chlorella protothecoides at various glucose concentrations in heterotrophic cultures, 
Process biochemistry. 34, 341-347.  
Shi, X., Wu, Z., Chen, F., 2006. Kinetic modeling of lutein production by heterotrophic 
Chlorella at various pH and temperatures, Mol. Nutr. Food Res. 50, 763-768.  
Thompson, J., He, B., 2006. Characterization of crude glycerol from biodiesel production 
from multiple feedstocks, Appl. Eng. Agric. 22, 261.  
Walker, T.H., Cochran, H.D., Hulbert, G.J., 1999. Supercritical carbon dioxide extraction 
of lipids from Pythium irregulare, J. Am. Oil Chem. Soc. 76, 595-602.  
Wei, A., Zhang, X., Wei, D., Chen, G., Wu, Q., Yang, S.T., 2009. Effects of cassava 
starch hydrolysate on cell growth and lipid accumulation of the heterotrophic microalgae 
Chlorella protothecoides, J. Ind. Microbiol. Biotechnol. 36, 1383-1389.  
Wei, D., Chen, F., Chen, G., Zhang, X., Liu, L., Zhang, H., 2008. Enhanced production 
of lutein in heterotrophic Chlorella protothecoides by oxidative stress, Sci. China C. Life. 
Sci. 51, 1088-1093.  
88 
 
Xiong, W., Li, X., Xiang, J., Wu, Q., 2008. High-density fermentation of microalga 
Chlorella protothecoides in bioreactor for microbio-diesel production, Appl. Microbiol. 
Biotechnol. 78, 29-36.  
Xu, H., Miao, X., Wu, Q., 2006. High quality biodies l production from a microalga 
Chlorella protothecoides by heterotrophic growth in fermenters, J. Biotechnol. 126, 499-
507.  
Zheng, Y., Li, T., Yu, X., Bates, P.D., Dong, T., Chen, S., 2013. High-density fed-batch 
culture of a thermotolerant microalga Chlorella sorokiniana for biofuel production, Appl. 

















Effect of salinity and methanol on the growth of Chlorella protothecoides 
Karthik Gopalakrishnan, Caye M. Drapcho, Terry H. Walker* 
Abstract: 
Glycerol is a by-product of base catalyzed transesterification process used to produce 
biodiesel. The growth of the biodiesel industry hasincreased the crude glycerol supply. 
This glycerol contains sodium or potassium salts and methanol. Prior work has 
established that green alga such as Chlorella protothecoides can utilize glycerol as a 
carbon source when grown heterotrophically. However, little work has been performed to 
evaluate the effects of the salt and methanol concentrations on the growth of Chlorella 
protothecoides. In this study, increasing concentrations of salt, methanol and xylose were 
evaluated. C.protothecoides was more tolerant of potassium chloride than sodium 
chloride. However, salt concentrations of 40 g/L proved to completely inhibit growth for 
both salts. An increase in salt concentrations up to 20 g/L did not affect the lipid content.  
Increasing methanol above 1% (v/v) significantly affected growth, and 8% (v/v) 
methanol was inhibitory for microalgal growth. Lipid content was not significantly 
affected by increasing the methanol content up to 1%. 
Keywords: Crude glycerol, salinity, methanol, Chlorella protothecoides, biodiesel 
*Corresponding author. Tel.: +1 (864) 656-0351  







Crude glycerol is a by-product of biodiesel manufacturing. Biodiesel is the fatty 
acid methyl ester (FAME) of oils or fats derived from plant based oils and animal fats. 
Reaction between fats or oils with methanol is catalyzed by an acid, base or enzyme. 
Commercially, base catalyzed transesterification is favored because the reaction times are 
faster than acid or enzymatic catalysis (Vicente, Martınez and Aracil, 2004). The primary 
disadvantage of base catalyzed transesterification is the unconverted free-fatty acids 
(Lotero et al., 2005). The polar phase consists of glycerol, excess catalyst, soaps, and 
water from the reaction, excess methanol and salt. Soap formation is another 
disadvantage of the base catalyzed transesterification process (Su and Guo, 2014). 
Currently, sodium and potassium hydroxide (NaOH and KOH) are the two main catalysts 
used for base catalyzed transesterification. Typically, crude glycerol obtained as a 
byproduct of base catalyzed transesterification is within a pH range of 8-10 (Hu et al., 
2012). Theoretical molar methanol requirement for the transesterification reaction is 3:1 
(methanol:oil), but a higher molar ratio 6:1 or 5:1is added to affect a higher conversion. 
Excess or un-reacted methanol remains in the polar h se in a mixture with glycerol 
(Cetinkaya and Karaosmanoglu, 2004). Cetinkaya and Karaosmanoglu (2004) 
demonstrated that a 5:1 methanol:oil ratio with a higher catalyst amount of 2 wt% NaOH 
or 6:1 methanol:oil ratio with  1 wt% NaOH catalyst can be used to effect a complete oil 
to ester conversion. Therefore, based on the capacity for methanol recovery of the 
biodiesel producer, the crude glycerol phase can either be more basic or have higher 
methanol content.  
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It has been demonstrated that C. protothecoides optimally grows within a pH 
range of 6.4 to 7.1 (Heredia-Arroyo, Wei and Hu, 2010), with the ideal pH of 6.8 (Chen 
and Walker, 2011). Chlorella protothecoides, a fresh water microalga, has the capability 
to accumulate internal lipids of up to 62% cell dryweight (CDW) in the heterotrophic 
mode (Chen and Walker, 2011). C protothecoides has been demonstrated to grow in 
crude glycerol as a carbon substrate, Chen and Walker (2011) substantiated that C.
protothecoides growth was superior in crude glycerol compared with pure glycerol. . 
Highly basic crude glycerol, obtained from base catalyzed transesterification, forms 
sodium or potassium salts when neutralized with hydrochloric acid 
Few studies have been conducted to examine the effect o  salinity on fresh water 
algae (Nielsen et al., 2003). Dunaleilla salina, a unicellular alga, survives high salinities 
by producing resting cysts. D. salina can survive a broad range of salinities by 
undergoing morphological and physiological changes (Borowitzka and Brown, 1974). 
The effect of high salinity stress is primarily exhibited on membrane permeability in 
three ways: (1) decreased cellular water potential due to osmotic stress; (2) ion toxicity 
due to the excessive uptake of Na+, K+ or Cl- ions; and (3) cellular ion imbalance caused 
by the selective membrane ion permeability. It has been reported that lipids participate in 
regulating the aforementioned membrane functions under different salinity conditions 
through compositional changes in structural lipids (Chen, Jiang and Chen, 2008). Kirst 
(1990) reported that salinity variation can regulate lipid and fatty acid metabolism (Kirst, 
1990).  
Increasing sodium chloride concentrations from 0-35 g/L did not result in a 
significant difference in the maximum biomass concentration and lipid content of 
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C.protothecoides.  However, the effect of salinity on the fatty acid profile is unknown 
(Heredia-Arroyo, Wei and Hu, 2010). It is important to understand the effect of salinity 
because the quality of oil produced affects the quality of biodiesel.  
Chen and Walker (2011), studied the different substrates such as pure glycerol, 
crude glycerol and glucose, the results indicated that C.protothecoides grew the best on 
crude glycerol. In the same study methanol consumption attern was shown while using 
crude glycerol; however, there is inconclusive evidnce whether the methanol evaporated 
or was consumed. Methanol has a low boiling point and is highly volatile; therefore, a 
combination of vigorous shaking and aeration can allow a portion of methanol to be in 
the vapor phase rather than the liquid phase. Considering this hypothesis, additional 
information is needed to evaluate whether the methanol was consumed and its effect on 
growth.  
The objectives of this research study are to characterize the effects of increasing 
salt and methanol concentrations on biomass growth, lipid accumulation and fatty acid 
profiles of C.protothecoides.  
4.2. Materials and Methods 
Analytical grade chemicals were purchased commercially. Crude glycerol was 
obtained from the Clemson mobile biodiesel unit. The Clemson mobile biodiesel unit 
processes used waste vegetable oil from the Clemson campus cafeterias, using methanol 
at 20% by volume of oil using base (potassium hydroxi e) catalyzed transesterification. 





4.2.1 Inoculum preparation 
Chlorella protothecoides (UTEX 256) was purchased from the culture collection 
of algae at the University of Texas, Austin. Components of the basal medium were 
prepared as follows (per liter): 0.7 g KH2PO4, 0.3 g K2HPO4, 0.3 g MgSO4.7H2O, 25 mg 
CaCl2.2H2O, 25 mg NaCl, 3 mg FeSO4.7H2O, 0.01 mg Vitamin B1 and 1 ml A5 solution 
(Chen and Walker, 2011). The inoculum was prepared by suspending the cells using a 
loop into a mixture containing 30 g/L pure glycerol and 4 g/L yeast extract in the basal 
media as described above. The initial pH was adjusted to 6.8, and the media was 
autoclaved at 121ºC for 20 minutes before inoculation. The cultures were then incubated 
in a shaker (New Brunswick) at 200 rpm at 28ºC for 5 days before cells were used for 
further experimentation.  
4.2.2 Method to partially refine glycerol 
Crude glycerol, obtained from the Clemson mobile biodiesel unit, was adjusted, 
through addition of 10 N hydrochloric acid, to a pHof 6.8 in a bioreactor (New 
Brunswick 110) with constant stirring at 100 rpm. Once the pH was adjusted, the mixture 
was centrifuged at a relative centrifugal force (RCF) of 2800 (x g). The top two layers 
were poured into a separating funnel and left to setle for 30 minutes. The bottom layer 
was carefully removed and heated to 50ºC with constant stirring for 24 hours in a fume 
hood. After 24 hours, excess salts precipitated out, and the glycerol was filtered using 0.2 
micron filter. The partially refined glycerol (PRG) was then analyzed for glycerol content 





4.2.3 Experimental setup 
Culturing was performed in 500 ml shake flasks containing 100 ml of basal 
medium with 30 g of carbon substrate/l and 4 g of yeast extract/l. The initial pH was 
adjusted to 6.8, and the medium was autoclaved at 121OC for 20 minutes prior to 
inoculation. All of the experiments were conducted in triplicate. The flasks were 
incubated in a New Brunswick shaker at 200 rpm and 28OC. A 5% (v/v) inoculum was 
used for the experiments.  
4.2.3.1 Effect of increasing salt concentrations 
The effect of salinity was tested using two salts, potassium chloride (KCl) and 
sodium chloride (NaCl), at four levels of salt conce trations, 0 g/L, 10 g/L, 20 g/L and 40 
g/L. A control of 0 g/L salt was used for comparison.  
4.2.3.2 Effect of increasing methanol concentrations 
In the following experiments, partially refined glycerol (PRG) was used as the 
carbon substrate. The amount added was corrected to yield 30 g/L based on the glycerol 
concentration detected using HPLC. Increasing volumes of methanol were added to the 
medium to yield concentrations of 1% (v/v), 2% (v/v), 4% (v/v) and 8% (v/v). A control 
experiment contained 0% methanol. Triplicate shake flasks with no inoculation were used 
at the above mentioned methanol concentrations to determine if the methanol evaporated 
over time.  
4.2.4 Analytical methods 
Cell dry weight was measured directly by centrifuging 5 ml of samples in a 15 ml 
centrifuge tube at a relative centrifugal force (RCF) of 2800 (x g) for 15 minutes. The 
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cells were washed with de-ionized water three times and dried to a constant weight in an 
oven maintained at 80ºC.   
2.4.1 Determination of substrate concentration 
Glycerol and methanol concentrations were measured using an HPLC 
(Shimadzu). The analytes were separated using an HPX-87H aminex column maintained 
at 60OC in a column oven. The mobile phase was 0.01 N sulfuric acid at a flow rate of 0.6 
mL/min and the analytes were detected using a pulsed refractive index detector.  
4.2.4.2 Determination of lipid content 
On the final experimental day, the cells were lyophilized to a constant weight in a 
50 ml centrifuge tube. Hexane (20 ml) was added and cells were homogenized using a 
polytron homogenizer (1200C, KINEMATICA) for 5 minutes, maintained at 55OC for 5 
minutes, and homogenized for 5 additional minutes. The mixture was then centrifuged for 
15 minutes at a relative centrifugal force (RCF) of 2800 (x g) and the supernatant was 
removed and stored. The extraction procedure was then repeated twice using 5 ml of 
hexane, and the collected supernatant was filtered and evaporated using a rotary solvent 
extractor. The resulting lipids remaining in the tube were weighed to a constant weight 
and recorded as g lipids/ g biomass and g lipids/L.  
4.2.4.3 Lipid quantification 
Wet cultures were placed in glass tubes and centrifuged at a relative centrifugal 
force (RCF) of 2800 (x g) for 15 minutes. The cells were then washed with de-ionized 
water three times and the supernatant was discarded. Subsequently, 0.7 ml of 10 N KOH 
and 6.3 ml of methanol was added to the cells and so icated for 10 minutes. The glass 
tubes were incubated in a 75ºC water bath for 90 minutes. To the resultant, 1 ml of 24 N 
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H2SO4 was added, vortexed and incubated in a 70ºC water bath for 60 minutes. Fatty acid 
methyl esters (FAMEs) were extracted using 2 ml of hexane and gently mixed for 10 
minutes. The hexane phase was removed carefully and diluted for GC-FID analysis. C-19 
fatty acid (nondecanoic acid methyl ester) was used as the internal standard. Supelco 37 
FAME standard (C4-24) was used as the reference standard for peak identification and 
quantification. The fatty acid composition was determined using a gas chromatography 
(Model GC 2010, Shimadzu, USA) fitted with a flame ionization detector (FID). 
Analysis was performed using an SP-2560 column (length 100 m, internal diameter 0.25 
mm and film thickness 0.20 µm, SUPLECO). Hydrogen was used as the carrier gas at a 
flow rate of 45.0 ml/min. The injection mode used was a split injection mode at a ratio of 
2:1. Initially, the oven was maintained at 80ºC for 3 minutes and was then heated at a rate 
of a 6% increase to 240ºC and was held at that temperature for 10 minutes. The injection 
port was maintained at 240ºC for a total run time of 40 minutes. Data are repoted as the 
mean of three independent measurements. 
4.2.4.4 Statistical significance 
Means were compared for statistical significance by performing the Tukeys 
honestly significant test (HSD), using JMP (Version 10, SAS institute, U.S.A). 
4.3. Results and discussion 
4.3.1 Effect of increasing salt concentrations on bi mass growth, lipid accumulation and 
fatty acid profile of Chlorella protothecoides  
The effect of salinity on the growth and lipid accumulation of C. protothecoides is 
important because it is a fresh water species capable of growing at high salt 
concentrations (Heredia-Arroyo, Wei and Hu, 2010). Heredia-Arroyo et al. (2010), in a 
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study of increasing salinity concentrations, demonstrated that no significant differences 
occurred in the maximum biomass concentrations and lipid content when the sodium 
chloride concentration was varied from 0-35 g/L. However, the effect of salinity on fatty 
acid profile is unknown. It is needed to understand the effect of potassium chloride on the 
growth because potassium hydroxide is a widely used catalyst for biodiesel production. 
In this study, the concentration of two salts (sodium and potassium chloride) was varied 
at three levels, 10, 20 and 40 g/L. The effect of the salts on biomass growth, yield 
parameters and fatty acid profile was examined.   
(1.) Total growth inhibition was observed when the potassium chloride and 
sodium chloride concentrations were at 40 g/L, indicating that these salt concentrations 
were excessive for the growth of this fresh water species. (2) In general NaCl induced a 
longer lag time than KCl, and KCl at 10 and 20 g/L did not negatively impact aximum 
biomass concentration and lipid content. (3.) At NaCl concentrations of 10 g/L and 20 
g/L, the substrate was consumed below detection limits in 10 and 12 days, respectively, 
with a final day biomass concentration of 13.01 and9.8 g/L, respectively.  
A maximum biomass concentration of 13.01 and 10.5 g/L was observed on the 
10th day when the NaCl concentration was at 10 and 20 g/L (Figure 4.1). At KCl 
concentrations of 10 g/L and 20 g/L, the substrate was consumed to below detection 
limits within 8 days, with a final day biomass conce tration of 12.5 and 13.4 g/L. In both 
treatments, with increasing concentrations of KCl; the maximum biomass concentration 
was observed on the final day (Figure 4.1). With 0 g/L treatment, the substrate was 
consumed below the detection limit within 6 days, with a final day biomass concentration 
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of 13.53 g/L.  The trend of pH in all treatment conditions initially decreased and slightly 
increased afterwards.  
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Figure 4.1. Plot of glycerol, biomass concentration and pH versus time. X- pH, □- 
glycerol concentration (g/L), ■- biomass concentration (g/L). Data reported are means of 
three independent measurements ± standard deviation. Data for 40 g/L sodium and 





Biomass productivity decreased with increase in salt concentrations. Comparing 
the maximum biomass concentration, of 0 g/L salt with 10 and 20 g/L KCl, and 10 g/L 
NaCl, no significant difference was observed.  At NaCl concentrations of 20 g/L, the 
maximum biomass concentration, specific growth rateand yield parameters were 
significantly lower compared with 20 g/L KCl. There was a longer lag phase, until day 4 
(Figure 4.1B), when the salt concentration was at 20 g/L NaCl, which indicates the 
microalgae required a longer adaptation period in this media. These results are contrary to 
Heredia Aroyo (2010), who observed no significant difference in maximum biomass 
concentration when NaCl was increased from 0-35 g/L. This disparity may be due to the 
lower concentrations of carbon substrate (15 g/L glucose) used in their study, where the 
maximum biomass concentration could not reach high enough concentrations to observe 
a statistically significant difference.  The lipid content was not significantly different in 
the 0 g/L salt or at increasing concentrations of NaCl and KCl. Therefore, it will be 














Table 4.1. Yield parameters for the effect of salinity on Chlorella protothecoides 
Parameter 0 g/L NaCl 1 10 g/L NaCl 2
 20 g/L NaCl3 10 g/L KCl
 





13.53 ±0.12a 13.01 ± 0.2a 10.5 ± 0.92b 12.49 ± 0.56a 13.09 ± 0.47a 
Lipid content (%) 52.62 ±1.98a 47.78 ± 0.47a 
 
48.73 ± 9.3a 50.25 ± 4.07a 45.66 ± 4.27a 
Biomass productivity 
(g/L-day) 
2.25 ±0.02a 1.3 ± 0.02c 1.16 ± 0.10c 1.56 ± 0.07b 1.64 ± 0.06b 
Y x/s (g biomass/ g 
substrate) 
0.45 ±0.02b 0.42 ± 0.00b,c 0.51 ± 0.03a 0.40 ± 0.01b,c 0.41 ± 0.01b,c 
Y p/s (g lipids/ g 
substrate) 
0.23 ±0.00a,b 0.19 ± 0.01b,c 0.26 ± 0.03a 0.19 ± 0.04b,c 0.20 ± 0.00b,c 
1Calculation based on the 6
th day, 2
 Calculation based on the 9th day, 3
 Calculation based on the 10th day, 4
 Calculation based on the 8th day, 5Calculation based on 
the 8th day. All calculations are based on the day when th maximum biomass concentration occurred. Data are the mean measurements of triplicates ± standard 
deviation. Means not connected by the same letters ar  ignificantly different
 
4.3.1.1 Fatty acid analysis 
Methyl esters of oleic acid (C18:1n9c), linoleic acid (C18:2n6c) and palmitic acid 
(C16:0) were the most abundant relative fatty acid methyl esters  
(FAME, %w) in all treatments. No statistically signficant differences were observed in 
the relative fame composition of oleic acid and linoleic acid (Table 4.2). The relative 
abundance of palmitic acid methyl ester was highest for the control present. It should be 
noted in table 4.2 that the fame composition of α-linolenic acid (C18:3n3) increased with 
increased salt concentrations and was significantly different at 20 g/L KCl.   
Table 4.2. Comparison of the increasing concentrations of sodium and potassium chloride 
on the relative fame % of oil extracted from Chlorella protothecoides 
 Relative fame (% wt) composition for different treatments 
Fame type 10 g/L KCl 20 g/L KCl 10 g/L NaCl 20 g/L NaCl Control 
C14:0 2.17±0.05a 2.16±0.34a 1.90±0.01a 2.02±0.08a 2.27±0.15a 
C15:0 0.36±0.03b,c 0.50±0.02a 0.38±0.03b 0.33±0.019b,c 0.31±0.02c 
C16:0 12.4±0.17a,b 11.5±1.61b 11.1±0.24b 11.8±0.18a,b 14.32±1.46a 
C16:1 0.57±0.11a 0.38±0.02b 0.64±0.03a 0.42±0.04b 0.36±0.03b 
C17:0 1.41±0.15b,c 1.80±0.05a 1.48±0.13b 1.18±0.03c,d 1.01±0.06d 
C17:1 0.54±0.15a 0.51±0.03a,b 0.61±0.08a 0.34±0.04b 0.32±0.02b 
C18:0 3.07±0.49a 2.72±0.63a,b 3.39±0.49a 2.39±0.02a,b 1.79±0.2b 
C18:1n9c 57.6±1.89a 60.3±1.61a 60.8±0.98a 58.3±4.35a 58.4±1.74a 
C18:2n6c 19.7±1.07a 15.5±4.3a 17.6±1.36a 20.2±4.04a 18.5±0.47a 
C18:3n3 1.69±0.13c 4.03±0.29a 1.51±0.20c 2.49±0.19b 2.33±0.22b 
C20:0 0.37±0.03b,c 0.48±0.05a 0.44±0.03a,b 0.40±0.05a,b,c 0.31±0.02c 
C20:1 0.15±0.01c 0.19±0.00a 0.18±0.00a,b 0.17±0.00b 0.14±0.00c 
Data are the mean measurements of triplicates ± standard deviation. Means not connected 
by the same letters are significantly different. 
 
Salt stress has been shown to be a proven alternative to light stress to induce 
carotenoid production while culturing Chlorella Zofingiensis (Pelah, Sintov and Cohen, 
2004). Additionally, the lipid yield increased 91% under salt stress while culturing 
Chlorella minutissima (Cao et al., 2014). In concurrence with our study, Cao et al. (2014) 
also reported salt inhibition at a NaCl concentration of 40 g/L. A similar trend of 
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increased α-linolenic acid content was also observed in the presence of NaCl, although it 
was not significantly different.  Increasing concentrations of KCl or NaCl did not affect 
the relative percentages of the most abundant fatty acids namely oleic acid and linoleic 
acid. This indicates that the salt stress did not iduce any change in the fatty acid 
composition of the major fatty acids accumulated by C.protothecoides. 
4.3.1.2 Comparison of the current study results with previous studies 
Table 4.3. Effect of salt stress on the growth and lipi content of algae 
Microalgal species Salinity change Effect on biomass Effect on lipid 
content 
Effect on fatty acids References 
Schizochytrium 
limacinum OUC88 
Varied from 0 – 36 
g/L (w/v) 
Biomass peeked 
when the salt 
concentration was 
at 27 g/L 
Lipid content 
followed a similar 
pattern as the 
biomass 
Docohexanoic acid 
(DHA) increased until 
0.9% w/v salt and then 
considerably decreased; 
Saturated fatty acids C 
15:0 and C17:0 increased 
with increasing salinity. 





NaCl varied from 
0.1 M to 2 M 
Cell concentration 
peeked at a salt 
concentration at 1 
M NaCl and 
further increased to 
2 M NaCl, which 




increased from 60 
– 67% with 
increase in NaCl 
from 0.5 M to 1 M. 
Under salt stress 
triacylglycerol content 






cohnii  ATCC 
30556 










(DHA) increased with 
the increase in salt until 
its peak value at 9 g/L 







NaCl varied from 
0- 35 g/L 
No significant 















NaCl varied from 
0- 35 g/L 
No change in 
maximum biomass 
until 17.5 g/L 
NaCl. Total 




decreased with an 










NaCl and KCl 
varied from 0-40 
g/L 
No change in the 
maximum biomass 
in KCl until 20 g/L 
and NaCl until 10 
g/L. Total 
inhibition at 40 g/L 
NaCl and KCl 
Lipid content was 
not significantly 
different at 10 g/L 
and 20 g/L for 
NaCl and KCl 
Increase in salt increased 
α-linolenic acid content 
(ALA). No significant 
difference in oleic and 
linoleic acid content. 
Slight decrease in 
palmitic acid with 





In   addition to the biomass and lipid content, salt tress appears to affect the 
relative abundance of individual fatty acid content. I  a previous study, the 
triacylglycerol (TAG) content and lipid content was ffected in the marine species 
Dunaliella tertiolecta, increasing TAG from 41 to 57% with increase in NaCl from 0.5 to 
1 M (Table 4.3). However, the biomass concentration decreased significantly at 
concentrations above 1 M NaCl (Takagi and Yoshida, 2006).  A similar effect was 
observed while culturing Crypthecodinium cohinii; the DHA content increased with an 
increase in salt concentration up to 9 g/L NaCl (Jiang and Chen, 1999). The biomass and 
lipid concentration were not significantly affected with increased KCl and NaCl 
concentrations up to 20 g/L.  
4.3.2 Effect of varying methanol concentrations on the growth of Chlorella 
protothecoides 
It is important to characterize the effect of methanol on the growth and fatty acid 
content of C. protothecoides because the methanol content in crude glycerol can vary 
between 10 to 22 wt % (Chen and Walker, 2011; Pyle, Garcia and Wen, 2008).  In this 
study, the added methanol volume was varied from 1 to 8% (v/v) while using partially 
refined glycerol as a carbon source to determine its ffect on growth and fatty acid 
composition. We also incorporated three replicates of blank cultures with no inoculum at 
the above mentioned methanol levels and measured the change in methanol concentration 
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Figure 4.2. Plot of the glycerol, biomass concentration and pH versus time. A- no 
methanol (control), B- 1%methanol, C- 2%methanol, D-4%methanol. X- pH, □- glycerol 
concentration (g/L), ■- biomass concentration (g/L). Data not plotted for 8% meoh since 
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Figure 4.3. Variation of methanol concentrations and their natural logarithm for with and 







The presence of methanol was observed to decelerate the growth. The substrate 
was consumed to below detection within 7 (Figure 4.2) and 8 days (Figure 4.2) when the 
added methanol volume were at 1 and 2% (v/v), respectively. In contrast, when no 
methanol was present, the substrate was consumed to below detectable limits within 6 
days (Figure 4.2). At a methanol concentration of 4% (v/v), the cell dry weight began to 
decrease after day 9, indicating cell death, and 14.6 g/L glycerol was present after 12 
days (Figure 4.2). No growth was observed at an 8% (v/v) methanol concentration, 
indicating that the lethal methanol concentration fr C. protothecoides growth may be 
between 4-8% (v/v) methanol. As methanol concentrations increased, the pH flux over 
time was found to increase (Figure 4.2). A similar trend was also observed in the control 
experiment runs which were not inoculated (Data not sh wn).  
Figure 4.3 shows the plots of the various methanol concentration treatments that 
were inoculated and the control treatments that were p formed in triplicate. As shown in 
figure 4.3, the measured methanol concentrations for the innoculated and un-innoculated 
experiments are superimposed within treatment groups.  This indicates that the methanol 
may have not been consumed, but volatilized, during the course of culturing.  
No statistically significant differences were observed when comparing the maximum 
biomass concentration, lipid content, Yx/s, Yp/s and µ, between 0 and 1% methanol 
concentration (Table 4). However, there was a statistically significant difference when 
comparing the final day biomass productivity between 0 and 1% methanol. Further 
increases in methanol concentration to 2 and 4% resulted in lower maximum biomass 
concentrations, lipid content, biomass productivity, Yx/s and Yp/s. The specific growth rate 
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was not observed to be statistically significant between methanol concentrations of 0, 1 and 
2% (v/v). 
 
Table 4.4. Yield parameters for the effect of methanol concentration on the growth of 
Chlorella protothecoides 
Parameter No methanol 1
 1% methanol 2
 2% methanol 3 4% methanol4 
Maximum biomass 
concentration (g/L) 
13.56  ± 0.12a 13.63  ± 0.64a 10.66  ± 0.17b 6.57  ±0.71c 





2.26  ± 0.02a 
 
1.95  ± 0.09b 
 
1.33  ± 0.03c 
 
0.73  ± 0.08d 
Y x/s (g biomass/ g 
substrate) 
0.42 ± 0.006a 0.42 ± 0.15 a 0.33 ± 0.02 b 0.39 ± 0.05a,b 
Y p/s (g lipids/ g 
substrate) 
0.23 ± 0.006a 0.22 ± 0.01a 0.12 ± 0.02 b 0.19 ± 0.36a 
µ (day-1) 0.78 ± 0.04a,b 0.71 ± 0.06a,b 0.87 ± 0.08a  0.67 ± 0.10b 
1
 Calculation based on the 6th day, 2
 Calculation based on the 7th day, 3
 Calculation based on the 8th day, 
4
 Calculation based on the 9th day. All calculations are based on the day when the maximum biomass 
concentration occurred. Data are the mean measurements of triplicates ± standard deviation. Means not 
connected by the same letters are significantly different.  
 
4.3.2.1 Fatty acid analysis  
The most abundant fatty acid methyl esters observed were oleic acid (C18:1n9c), 
linoleic acid (C18:2n6c) and palmitic acid (C16:0). No statistically significance differences 
were observed in the relative abundance of oleic, palmitic and linoleic acid methyl esters as 
a function of methanol concentrations (Table 4.5). These three fatty acid methyl esters 
accounted to over 90% of total fatty acid methyl ester content. Similar to the effect of salt 
content, the relative abundance of α-linolenic acid (C 18:3n3) increased in extreme strss 
conditions. Although significantly different, the total fatty acid content is less than the other 
treatments because the biomass concentration at higher methanol concentrations of 4% (v/v) 
was much lower (maximum biomass concentration was les  than half when compared with 
no methanol). Similar results were reported by Pyle et al. (2008), where they observed no 
significant difference in the DHA yield, but the overall DHA content decreased when 
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comparing increasing concentrations of methanol on the growth of Schizochytrium 
limacinum while using crude glycerol as the carbon source (Pyle, Garcia and Wen, 2008).  
Table 4.5. Comparison of increasing concentrations of methanol on the relative fame % 
of oil extracted from Chlorella protothecoides 
 Relative FAME % wt 
FAME type 0% Methanol 1% Methanol 2% Methanol 4% Methanol 
C14:0 1.93±0.23b 1.68±0.47b 1.68±0.12b 3.00±0.05a 
C15:0 0.32±0.05a 0.46±0.10a 0.35±0.04a 0.43±0.02a 
C16:0 9.83±1.11b 11.6±2.49a,b 8.83±0.79b 13.7±0.59a 
C16:1 0.30±0.06b 0.46±0.11a,b 0.39±0.04b 0.57±0.04a 
C17:0 0.82±0.12b,c 0.70±0.05c 0.93±0.05a,b 1.09±0.00a 
C17:1 0.28±0.03b 0.46±0.14a,b 0.42±0.07a,b 0.59±0.07a 
C18:0 2.26±0.64a 1.33±0.23a 1.71±0.24a 1.86±0.09a 
C18:1n9c 60.2±4.80a 63.4±3.42a 58.9±0.52a 56.0±1.08a 
C18:2n6c 22.4±3.56a 18.4±5.42a 24.9±0.82a 19.8±1.63a 
C18:3n3 1.36±0.05b 1.03±0.33b 1.44±0.15b 2.53±0.02a 
C20:0 0.21±0.02a 0.38±0.27a 0.24±0.10a 0.17±0.04a 
C20:1 0.11±0.01b 0.16±0.00a 0.11±0.00b 0.14±0.00a,b 
Data are the means of triplicates ± standard deviation. Means not connected by the same 
letters are significantly different. 
 
4.3.2.2 Comparison of the current study results with previous studies 
Chlorella protothecoides appeared to have a higher methanol tolerance than 
Schizochytrium limacinium, another microalgal species capable of growing on crude 
glycerol. The specific growth rate of S. limacinum was greatly affected above a methanol 
concentration of 20 g/L. In this study, the specific growth rate at a methanol concentration 
of 32.96 g/L (4% v/v) was not significantly different than the 0 g/L treatment. A similar 
trend of decreased maximum biomass concentration and biomass productivity can be 
observed amongst both species (Table 4.6). Interestingly, the growth yield followed a 
similar pattern, but the g biomass/ g substrate for C.p otothecoides was higher when using 




Table 4.6. Comparison of the effect of methanol in two algal species 
Species/ Culture conditions Parameter Methanol concentration (g/L) References 
0 10 15 20 
Schizochytrium limacinum  
SR-21/ 
70 g/L PG (carbon source),  
temperature -20ºC 
initial pH – 7.5 to 8.0 
 
 
Specific growth rate  
(day-1) 
0.59±0.01 0.50±0.03 0.52±0.03 0.32±0.01 (Pyle, Garcia  
and Wen, 2008) 
Maximum biomass 
concentration (g/L) 
11..5±0.49 10.3±0.07 8.46±0.31 5.63±0.47 
Biomass productivity 
(g/L-day) 
1.92±0.08 1.72±0.01 1.39±0.05 0.94±0.08 
Growth yield (g 
biomass/g substrate) 
0.23±0.01 0.23±0.01 0.18±0.01 0.13±0.01 
  Methanol concentration (g/L)  










30 g/L PRG (carbon source), 
temperature- 28ºC, initial pH-
6.8 
Specific growth rate  
(day-1) 
0.78±0.04 0.71±0.06 0.87±0.08 0.67±0.10 ng This study 
Maximum biomass 
concentration (g/L) 
13.6±0.12 13.6±0.64 10.7±0.17 6.57±0.71 ng 
Biomass productivity 
(g/L-day) 
2.26±0.02 1.95±0.09 1.33±0.03 0.73±0.08 ng 
Growth yield (g 
biomass/g substrate) 
0.42±0.00 0.42±0.15 0.33±0.02 0.39±0.05 ng 
PRG – partially refined glycerol, PG – pure glycerol, ng – no growth 
 
4.4. Conclusion 
Characterizing the effect of increasing concentrations of salt and methanol on the 
growth and lipid accumulation of Chlorella protothecoides is important for the growth 
and sustainability of the algae industry because crude glycerol produced from the base 
catalyzed trans-esterification of oil and fats can yield high salt and methanol 
concentrations in the glycerol phase.  
In this study, we examined the effect of two salts (KCl and NaCl), methanol and 
xylose on the growth of C.protothecoides. Our results indicate the following: 1.) 
Increasing KCl concentrations up to 20 g/L had no effect on the maximum biomass 
concentration and lipid content, 2.) above 10 g/L NaCl there was a significant decrease in 
biomass concentration, 3.) no growth was observed at KCl and NaCl salt concentrations 
of 40 g/L, 4.) No significant difference in the relative abundance of the most abundant 
fatty acid (Oleic acid and linoleic acid) was found 5.) methanol concentrations above 1% 
(v/v) decreased growth. 
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Effect of xylose on the growth of Chlorella protothecoides 
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Abstract 
Microalgae may have immense potential in terms of pr ducing more oil/hectare land. The 
biofuel industry can be more sustainable and economical if all the products are 
effectively used. The effectiveness of crude glycerol as a carbon substrate has been vastly 
studied. We have investigated the effect of mixed carbon substrates on biomass and lipid 
yields of the microalga chlorella protothecoides in batch mode.  Our results indicate that 
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Xylose can constitute up to 34 % of plant material (Kötter and Ciriacy, 1993). 
Growth of the cellulosic ethanol industry could potentially lead to excess xylose. This 
brings a need to evaluate microalgal utilization of xylose, since microalgae can 
accumulate biodiesel feedstock grade oils (Shekh et al., 2013; Ríos et al., 2013; Tang et 
al., 2011; Chisti, 2007). Richard L. Hawkins, during his research at the Toyota Motor 
Corporation, reported that Chlorella sorokiniona and Chlorella vulgaris were capable of 
utilizing xylose under mixotrophic conditions (Hawkins, 1999). It has been reported that 
in the presence of glucose metabolism can aid in consumption of xylose (Jeffries, 1985). 
Hence, the effect of increasing xylose concentrations n a mixture with crude glycerol is 
examined in this study.  
5.2. Materials and Methods 
5.2.1. Materials 
D(+)-xylose used was obtained from Acros Organics with a 99+% purity. 
Glycerol was obtained as a byproduct of the biodiesel production process on Clemson 
University campus. This glycerol was a by-product of bi diesel produced from the trans-
esterification of vegetable oil with methanol using potassium hydroxide as catalyst. 
Crude glycerol was partially refined by adjusting the pH to 6.8 using concentrated 
hydrochloric acid (24N) and separating the free fatty cids from mixture (Feng et al., 
2014). The glycerol used had 88.12% purity. Other cmicals, solvents and acids used 




5.2.2. Micro-organism used and inoculum preparation 
C.protothecoides (UTEX 256) was obtained from the Culture Collection of Algae 
at the University of Texas (Austin, TX). The medium sed for algae growth was a 
modified BG11 medium adapted from the research of Chen et al., 2011, with the 
following composition per liter as follows: 0.7 g KH2PO4, 0.3 g K2HPO4, 0.3 g 
MgSO4.7H2O, 25 mg CaCl.2H2O, 25 mg NaCl, 3 mg FeSO4.7H2O, 0.01 mg vitamin B1, 
and 1 ml A5 solution. Inoculum was prepared in 500 mL Erlenmeyer flasks having 150 
mL of the above mentioned modified BG 11 medium, along with the carbon source at 30 
g/L concentration and yeast extract at 4 g/L concentration respectively. The flasks were 
inoculated from the algae slant after autoclaving ad maintained at an initial pH of 6.8, 
temperature of 28ºC, and incubated at 200 rpm in a NBS Classic Series C4KC 
refrigerated shaker incubator. The subcultures were made at about day 3 when the cells 
were found to be actively growing. 
5.2.3. Batch Fermentations 
All the experiments were conducted in triplicates using 500 ml shake flasks. The 
different treatments have been tabulated in the Table 5.1. All experiments were 
conducted aseptically. The medium was prepared as mentioned above and 100 ml of each 
medium containing 30 g carbon source/l and 4 g/L yeast xtract was added. The pH of 
each experimental unit was initially adjusted to 6.8 using 1M H2SO4 and 1 M KOH. The 
flasks were then autoclaved at 121ºC for 15 minutes. The flasks were then cooled and 
inoculated with the inoculation flasks. 10% v/v of inoculum was used. The flasks were 
then incubated in an NBS Classic series C4KC refrigrated shaker incubator maintained 
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at 28ºC and 200 rpm. 5ml sample from every flask was taken each day and analyzed for 
substrate concentration, pH and dry weight. 
 
Table 5.1. The various treatments involving different proportions of glycerol and xylose 
Treatment Xylose concentration g/l Glycerol concentration g/l 
1 30 0 
2 24 6 
3 18 12 
4 12 18 
5 6 24 
6 0 30 
 
5.2.4. Analytical Techniques 
5.2.4.1. Obtaining growth parameters 
The collected volume (5 mL) of sample culture was centrifuged at relative 
centrifugal force (RCF) of 2800 g for 15 minutes followed by multiple washes with 
double distilled water. The pellet obtained was then dried to constant weight in an oven 
maintained at 80ºC. 
5.2.4.2. Determining substrate concentrations 
Glycerol and xylose concentrations (g/L) were estima ed by using an HPLC 
equipped with a pulsed refractive index detector. Analytes were separated using an 
Aminex HPX-87H column at 60ºC with 50 mM H2SO4 as the mobile phase at a flow rate 
of 0.6 ml/min.  
5.2.4.3. Determining Lipid content 
The intracellular lipids were extracted by mechaniclly disrupting the microalgal 
cell walls and solubilizing the lipids coming out by using hexane as a solvent, as 
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described below (Cantrell and Walker, 2009). The harvested biomass that was dried to 
constant weight was taken in a centrifuge tube and extracted with 20 mL of hexane and 
homogenized using a polytron homogenizer for 5 min, kept in a water bath at 55ºC for 5 
min, and homogenized again for 5 minutes. Once this wa  done, the tubes were capped 
and the slurry was centrifuged. The supernatant were then collected in fresh tubes. The 
residual biomass was again subject to the same extraction procedure, only this time using 
5 mL hexane. This procedure was repeated at least 2 times to ensure that all the lipid 
from the biomass have been extracted into the hexane phase.  
5.3. Results and discussion 
5.3.1. Effect of mixed carbon substrates on the growth of Chlorella protothecoides 
Richard L. Hawkins (1999) examined the effect of xylose on the growth of Chlorella 
species and demonstrated that in a mixotrophic growth media of 25 mM xylose and 25 mM 
glucose the biomass concentration was comparable to 50 mm glucose. It was not conclusive 
from the study if xylose was consumed, and its effect on growth rate was not examined. 
Xylose is an important feedstock for microbial culture because it is a non-fermentable sugar. 
In this study, the concentration of xylose was varied from 6-24 g/L in a mixture with 
glycerol, where the glycerol concentration was adjusted to obtain an overall sugar 
concentration of 30 g/L. Control experiments were performed with 30 g/L xylose or glycerol 
for comparison. At a 30 g/L xylose concentration, no growth was observed. Growth was 
observed in the other treatments when a mixture of xyl se and glycerol was used (Figure 
5.1) as the growth media. The xylose concentration d d not decrease in the any of the 
treatments except in the 6 g/L xylose treatment (Figure 5.1D); where a slight decrease in 
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xylose concentration from 6 to 4.3 g/L can be observed. The presence of xylose decelerated 























































































































































































































Time (days)  
Figure 5.1. Plot of the glycerol, xylose and biomass concentration and pH versus time. ○- 
pH, □- glycerol concentration (g/L), ◊- biomass concentration (g/L). A- 24 g xylose/L 
and 6 g glycerol/L, B- 18 g xylose/L and 12 g glycerol/L, C- 12 g xylose/L and 18 g 
glycerol/L, D-6 g xylose/L and 24 g glycerol/L, E-30 g glycerol/L.X- pH, □- glycerol 
concentration (g/L), ■- biomass concentration (g/L), ●- xylose concentration (g/L). Data 
are the means of triplicate run ± standard deviation. 
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Table 5.2. Yield parameters for increasing xylose concentrations on Chlorella 
protothecoides growth 
Parameter 24 g xylose/L 
and 6 g 
glycerol/L 
18 g xylose/L 
and 12 g 
glycerol/L 
12 g xylose/L 
and 18 g 
glycerol/L 
6 xylose/L 































µ (day-1) 0.44±0.13b 0.39±0.13b 0.44±0.05b 0.60±0.14b 0.95±0.08a 
Data are the means of triplicate experimental runs ± standard deviation. Means not 
connected by the same letters are significantly different. 
 
Biomass productivity, maximum biomass concentration and specific growth were 
significantly lower when comparing increased xylose concentration treatments with the 30 
g/L glycerol concentration. These data indicate that e presence of xylose is detrimental to 
C.protothecoides growth; increasing concentrations of xylose decreased the specific growth 
rate, biomass productivity and maximum biomass concentration (Table 5.2). 
5.4. Conclusions 
Xylose is an important feedstock for microbial utilization. From this study xylose 
was not consumed by Chlorella protothecoides, both while it was in a mixture with crude 
glycerol and independently. The presence of xylose decelerated the growth of 
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Crude glycerol as a byproduct of the biodiesel production is a valuable feedstock 
for microbial cultivation. As the biodiesel industry grows, crude glycerol will be more 
available further reducing its cost. This necessitates the need for developing technologies 
for its usage with minimal pretreatment to increase the commercialization potential. 
Crude glycerol has proven to be a good feed source fo  microalgal culturing to produce 
lipids of biodiesel feedstock quality. Microalgal commercialization potential is heavily 
influenced with the cost of feedstock and the cost involved with downstream processing 
like harvesting and extraction.  
Through this research, a method to cost effectively r fine crude glycerol to 
increase the suitability of crude glycerol for high density cultivation was developed. 
Testing for increasing concentrations of partially refined glycerol (PRG) and pure 
glycerol (PG) indicated total substrate inhibition beyond a glycerol concentration of 150 
g/L. Batch studies indicated that while using PRG specific growth rate increased with 
increasing glycerol concentrations. Maximum biomass and lipid productivity of 4.45 and 
2.28 g/L-day was achieved while using PRG in the batch. Comparing PRG and PG, there 
are indications that the impurities present in the PRG have a positive and negative effect. 
For eg. The specific growth rates at initial glycerol concentration of 60 and 90 g/L were 
higher for PG, while the specific growth rate at an initial glycerol concentration at 120 
g/L was higher while using PRG.  
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High density cultivation of Chlorella protothecoides using biodiesel derived 
crude glycerol was demonstrated in fed batch mode, wh n a maximum biomass 
concentration of 95.3 g/L day and lipid concentration of 49.45 g/L day was observed. A 
biomass productivity of 10.6 g/L-day was also noted from the fed batch mode cultivation. 
Overall the fedbatch mode seems to be more efficient for high density cultivation. 
Comparing the fatty acid profiles, no significant difference was observed while using, 
PRG and PG in the batch mode and PRG in the fedbatch mode with the methyl esters of 
oleic acid (C18:1), palmitic acid (C16:0) and linoleic acid (C18:2) being the most 
abundant. 
Impurities are present in crude glycerol and it is mportant to evaluate their effect 
on growth of Chlorella protothecoides. Of the many impurities methanol, potassium or 
sodium chloride can be the most abundant. Evaluating the effect of increasing 
concentrations of methanol, 1% (v/v) of methanol had minimal effect on growth, lipid 
accumulation and fatty acid methyl ester contents. Lethal methanol concentration at 
which no growth was achieved was observed at a methanol concentration of 8% (v/v).  
Lethal salt concentration of 40 g/L was observed while using both sodium 
chloride and potassium chloride. C protothecoides howed more tolerance to potassium 
chloride than sodium chloride, as observed by their maximum biomass concentration, 
biomass productivity and lipid contents. α-Linolenic acid (ALA, Omega 3) content 
increased with increase in salt concentrations. Methyl esters of Oleic, palmitic and 
linoleic acid contents were not significantly different with increase in salt concentrations.  
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These studies prove that the microalgae Chlorella protothecoides has good 
tolerance to salt (until 20 g/L) and methanol (until 4% v/v). Hence high density 
cultivation of microalgae using a waste stream increases the commercialization potential 
for algae based technologies. Some potential markets ar  fuel (biodiesel), neutraceuticals 
(Omega oils) and feed (animal feed). Algae based industries are fast growing and this 
research can be easily employed for large-scale high-density cultivation. Based on this 
research work the following studies are recommended: 
1. Evaluate combination of acids like nitric and phosphoric acid to neutralize crude 
glycerol and yield sodium or potassium nitrates (nitrogen source) and phosphates 
(phosphorous source).  
2. Test the effectiveness of ammonium hydroxide as a base and nitrogen source in the 
fed batch studies  
3. Test the effectiveness of hardwood or softwood hydrol sates on the growth of 
Chlorella protothecoides 
4.  Determine the growth of other microalgal species on partially refined glycerol and 
compare it to its growth on crude glycerol 
5. Mixotrophic growth of Chlorella protothecoides on xylose as a carbon substrate 
6. Use of other waste materials like soybean meal as a nitrogen source for microalgal 
growth 




































Figure B1. – A Lineweaver-Burk plot for the PG and PRG data  







Figure C1. Plot of the Andrews inhibition model using PG 
